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En estas últimas décadas, el crecimiento experimentado por la población 
mundial (establecido en una tasa del 1,2% al año y estimándose que alcance 
los 9000 millones en el año 2030); el notable aumento de la urbanización; el 
empleo de agua en agricultura (aproximadamente un 70% del agua dulce 
disponible); el calentamiento global y la aparición de periódicas sequías 
(consecuencia del cambio climático y que podrían conducir a que alrededor de 
2000 millones de personas carezcan de la suficiente cantidad de agua para 
satisfacer sus necesidades básicas); y, el progresivo deterioro de la calidad del 
agua (presencia de contaminantes químicos emergentes, fertilizantes 
agrícolas…) son circunstancias que han ejercido una enorme presión sobre los 
recursos hídricos disponibles en el planeta [Organización Mundial de la Salud 
(WHO), 2019]. 
Ante esta situación, diversos organismos internacionales defienden la 
política de la no utilización de recursos hídricos de mayor calidad en usos que 
pudiesen admitir el empleo de aguas con propiedades más bajas. De esta 
forma, la reutilización de las aguas depuradas en diversos fines, como el 
regadío o la recarga artificial de acuíferos, permite la recuperación parcial de 
los costes derivados del proceso de depuración y proporciona un recurso de 
agua alternativo, especialmente en aquellas zonas áridas y semiáridas. 
A nivel de la Unión Europea, no existen directrices o reglamentos sobre 
la reutilización de las aguas residuales; sin embargo, el artículo 12 de la 
Directiva 91/271/CEE sobre las aguas residuales establece que "las aguas 
residuales tratadas se reutilizarán siempre que sea apropiado" y que "las vías 
de eliminación minimizarán los efectos adversos sobre el medio ambiente" 
(Directiva 91/271/ECC del Parlamento Europeo y del Consejo de 21 de mayo 
de 1991). La Directiva Marco del Agua (2000/60/CE) menciona la 
reutilización del agua como una posible medida complementaria con el fin de 
proporcionar una protección adicional o una mejora de las aguas (Directiva 
2000/60/EC del Parlamento Europeo y del Consejo de 23 de octubre de 2000). 
En mayo de 2018, se presentó una Propuesta de Reglamento del Parlamento 
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Europeo y del Consejo sobre las exigencias mínimas para la reutilización del 
agua en el riego agrícola (2018/0169/COD). Sin embargo, varios Estados 
Miembros han elaborado reglamentos propios sobre la reutilización del agua 
residual: Chipre, Francia, Grecia, Italia, Portugal y España. Todos ellos se 
basan en las directrices y normas de referencia de diferentes organismos 
internacionales, incluyendo varias modificaciones para algunos usos. Aunque 
las normativas de los citados países no son homogéneas, en todas ellas se 
consideran los siguientes criterios: i) usos previstos; ii) parámetros analíticos y 
valor límite máximo permitido para cada parámetro; iii) protocolos de 
vigilancia; y, iv) medidas preventivas adicionales para la protección del medio 
ambiente y la salud (Alcalde-Sanz y Gawlik, 2014; Paranychianakis et al., 
2015, 2017). 
En España, la publicación de una normativa referente a la reutilización de 
aguas data del año 2007. En el Real Decreto 1620/2007, de 7 de diciembre, se 
establece el régimen jurídico de la reutilización de las aguas depuradas y se 
incorpora el concepto de “agua regenerada” definida como “agua residual 
depurada que, en su caso, ha sido sometida a un proceso de tratamiento 
adicional o complementario que permite adecuar su calidad al uso al que se 
destina”. Además, en el citado Real Decreto 1620/2007, se distinguen los 
siguientes usos del agua regenerada: urbano, agrícola, industrial, recreativo y 
ambiental. En su Anexo I, también se recogen los criterios de calidad 
diferenciados según los destinos, estableciendo límites de obligado 
cumplimiento. Los parámetros considerados son: Escherichia coli y 
nematodos intestinales (indicadores microbiológicos) y sólidos en suspensión 
y turbidez (indicadores físicoquímicos). Asimismo, dependiendo del tipo de 
aplicación, es necesario controlar otros parámetros, como Legionella spp., 
cuando existe la posibilidad de aerosolización, y huevos de Taenia saginata y 
Taenia solium, si se destinan al riego de pastos para consumo de animales 
productores de carne. Sin embargo, a pesar de la inclusión de los citados 
parámetros biológicos, la reutilización de las aguas residuales conlleva riesgos 
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sanitarios asociados a la transmisión de ciertos protozoos parásitos no 
contemplados en la legislación vigente. 
A este respecto, Cryptosporidium es un género de protozoos 
pertenecientes al filo Apicomplexa, cuyas especies ocasionan en población 
humana y animal una enfermedad diarreica, la cryptosporidiosis, de carácter 
autolimitado en individuos inmunocompetentes pero que puede cronificarse e 
incluso ser mortal en aquellos inmunocomprometidos. Estos enteroparásitos 
emergentes presentan unas formas infectantes particularmente robustas 
(ooquistes), estando considerados como el segundo agente infeccioso tras los 
priones en la pirámide de resistencia a los tratamientos de desinfección (Rutala 
y Weber, 2004), siendo la transmisión hídrica su principal mecanismo de 
transmisión desde el punto de vista numérico. De esta forma, el origen de los 
dos brotes hídricos de cryptosporidiosis más importantes reportados a nivel 
mundial, acontecidos en las ciudades de Milwaukee (Wisconsin, Estados 
Unidos) y Östersund (Suecia) que afectaron a unas 403.000 y 27.000 personas, 
respectivamente, fue la contaminación por aguas residuales urbanas 
conteniendo ooquistes de Cryptosporidium hominis, procedentes de aguas 
superficiales utilizadas como afluentes en las plantas de tratamiento de agua 
potable, junto con la ineficacia de los tratamientos destinados a la eliminación 
del parásito. De hecho, Cryptosporidium es uno de los agentes infecciosos más 
frecuentemente detectado en los brotes hídricos de etiología parasitaria, 
estando Cryptosporidium parvum y C. hominis implicados en un 63% de los 
brotes reportados en el periodo comprendido entre los años 2011 y 2016 
(Efstratiou et al., 2017).  
Un factor condicionante en los tratamientos de regeneración de aguas es 
el nivel de desinfección, generalmente alcanzado mediante tratamientos con 
cloro, ozono o radiación ultravioleta. Sin embargo, los hechos referidos 
anteriormente demuestran la necesidad real de evaluar nuevas tecnologías que 
garanticen, desde el punto de vista parasitológico, el empleo de las aguas 
regeneradas, ya que los métodos convencionales de desinfección son 
ineficaces en la total eliminación de enteroparásitos de transmisión hídrica. 
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En consecuencia, la Organización Mundial de la Salud seleccionó a 
rotavirus, Campylobacter y Cryptosporidium como patógenos de referencia 
para virus, bacterias y protozoos parásitos, respectivamente en la evaluación 
de métodos de tratamiento, tanto para el agua de bebida como para el agua 
regenerada [WHO, 2006a, 2017; United States Environmental Protection 
Agency (USEPA), 2012; Alcalde-Sanz y Gawlik, 2017].  
En los últimos años, los procesos de oxidación avanzados, definidos 
como aquellos que implican la formación de radicales hidroxilo (HO
•
) cuyo 
potencial de oxidación es muy superior al de otros agentes oxidantes 
tradicionales, se han revelado como una tecnología importante al acelerar las 
reacciones de oxidación pudiendo ser utilizados en numerosas áreas de 
descontaminación y desinfección. La versatilidad de estos procesos radica en 
el hecho de que existen diferentes formas de producir radicales HO
•
, siendo los 
métodos más habitualmente empleados la fotocatálisis heterogénea, 
generalmente con dióxido de titanio (TiO2), sola o combinada con la fotolisis 
directa de ciertos oxidantes [peróxido de hidrogeno (H2O2)] y la fotocatálisis 
homogénea mediante foto-Fenton, que permiten incluso el empleo de la 
radiación solar, un recurso natural, abundante y renovable. 
El objetivo de la presente Tesis Doctoral es evaluar la eficacia de ciertos 
procesos de oxidación avanzados, tanto fotoquímicos (la fotocatálisis 
heterogénea empleando TiO2, sola o en combinación con el oxidante H2O2, y 
la fotocatálisis homogénea mediante foto-Fenton) en condiciones simuladas 
y/o naturales de radiación solar, como no fotoquímicos (la tecnología de 
ultrasonidos), frente al protozoo parásito de transmisión hídrica C. parvum en 
distintos tipos de agua. 
1. Evaluación de la fotocatálisis heterogénea con TiO2 
Se estudió la eficacia de la fotocatálisis solar con TiO2 en la regeneración 
de aguas experimentalmente contaminadas con ooquistes de C. parvum. Para 
ello, vasos de precipitados conteniendo agua destilada o un efluente simulado 
de estación depuradora de aguas residuales urbanas (EDAR) con distintas 
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concentraciones de TiO2 (0; 63; 100; y 200 mg/L) y contaminadas con  
15×10
6
 ooquistes purificados de C. parvum, se expusieron durante 2,5 y  
5 horas a la radiación solar simulada. La viabilidad ooquística se determinó 
mediante la técnica de inclusión/exclusión del colorante vital fluorogénico 
ioduro de propidio. Durante la realización de los ensayos se monitorizó la 
temperatura, alcanzando esta unos valores máximos de 36,1 °C y 37,1 °C en 
agua destilada y en efluente simulado de EDAR, respectivamente. 
El análisis de los resultados obtenidos en agua destilada tras 5 horas de 
exposición a la radiación solar, demostró que las concentraciones de 100 y  
200 mg/L de TiO2 provocaron una drástica reducción de la viabilidad 
ooquística en comparación con el correspondiente valor determinado en el 
control de exposición en oscuridad (4,16±2,35% y 15,02±4,54% vs 
92,28±4,01%, respectivamente). Los resultados obtenidos con la mínima 
concentración del catalizador ensayada (63 mg/L) demostraron un menor 
descenso en la viabilidad ooquística que, si bien es significativamente inferior 
al obtenido en el control de oscuridad, no mostró diferencias estadísticamente 
significativas con el correspondiente valor determinado en las muestras sin 
catalizador (0 mg/L) (57,86±10,72% vs 51,06±9,38%, respectivamente). 
En los estudios realizados utilizando efluente simulado de EDAR y al 
máximo tiempo de exposición, se comprobó que el empleo del fotocatalizador 
a las distintas concentraciones ensayadas, si bien disminuye la viabilidad 
ooquística con respecto al control en oscuridad, esta reducción es 
significativamente menor a la alcanzada en las muestras sin fotocatalizador 
(70,96±7,18%; 73,08±4,93% y 81,64±4,07% vs 93,18±1,75% vs 48,98±12,31 
para concentraciones de 63; 100; y 200 mg/L vs control de exposición en 
oscuridad vs 0 mg/L, respectivamente). 
Ante la observación realizada microscópicamente de la formación de 
agregados entre las partículas de TiO2 y los ooquistes de C. parvum, se valoró 
la capacidad de retención ooquística por parte del fotocatalizador. Así, tras el 
tiempo requerido para su sedimentación en tubos graduados de 10 mL de 
fondo cónico (establecido en una hora), se comprobó que los porcentajes de 
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ooquistes retenidos en agua destilada y en efluente simulado de EDAR 
empleando la máxima concentración de TiO2 (200 mg/L) fueron de 
56,57±1,33% y 78,41±2,92%, respectivamente, disminuyendo de esta forma la 
carga parasitaria de las aguas tratadas. 
La interpretación de los resultados obtenidos, concretamente, en el 
ensayo realizado con agua destilada utilizando una concentración de TiO2 de 
100 mg/L y expuesta durante 5 horas a la radiación solar simulada 
(4,16±2,35% de viabilidad ooquística y 46,97±6,17% de retención ooquística), 
permite afirmar que el riesgo de transmisión de la cryptosporidiosis por el 
agua tratada bajo estas condiciones es prácticamente nulo ante el carácter 
conservador de la técnica utilizada en la valoración de la viabilidad ooquística. 
Sin embargo, los resultados hallados plantean que la eficacia del tratamiento 
con TiO2 en la regeneración de aguas depende de muchas variables que deben 
ser estudiadas y optimizadas. 
2. Evaluación de la incorporación del H2O2 a la fotocatálisis 
heterogénea con TiO2 
Se estudió el efecto de la adición del oxidante H2O2 en la eficacia de la 
desinfección fotocatalítica con TiO2 frente a los ooquistes de C. parvum bajo 
condiciones simuladas y naturales de radiación solar. La concentración de 
fotocatalizador seleccionada fue de 100 mg/L, al comprobarse una mayor 
reducción de la viabilidad ooquística en los estudios anteriores realizados en 
agua destilada. Por otra parte, se estableció una concentración de H2O2 de  
50 mg/L, concentración mínima a la cual se observa una ligera mejora en la 
inactivación solar de C. parvum determinada en estudios previos realizados 
por nuestro grupo de investigación. 
Tanto en los experimentos realizados utilizando radiación solar simulada 
como en los llevados a cabo en la Plataforma Solar de Almería (Tabernas, 
Almería), se siguió el mismo diseño experimental del estudio anterior y se 
aplicó la técnica de inclusión/exclusión del colorante vital fluorogénico ioduro 
de propidio para la valoración de la viabilidad ooquística. Durante la 
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realización de los ensayos también se monitorizó la temperatura, alcanzando 
unos valores máximos de 34,2 C y 36,5 °C en condiciones simuladas y 
naturales de radiación solar, respectivamente. 
En los ensayos realizados empleando radiación solar simulada, si bien no 
se observaron diferencias estadísticamente significativas entre los valores de 
viabilidad ooquística determinados en las muestras en oscuridad y en las 
expuestas en presencia/ausencia de H2O2, se detectó una fuerte reducción de la 
viabilidad ooquística en aquellas con TiO2 y TiO2/H2O2 tras 2,5 horas de 
exposición (22,0910,83% y 24,6414,95%, respectivamente, vs 
90,445,87%, viabilidad ooquística inicial). Al final de los ensayos (5 horas de 
exposición), los porcentajes de viabilidad determinados en las muestras con 
TiO2 y TiO2/H2O2 fueron notablemente inferiores sin mostrar diferencias 
estadísticamente significativas entre sí (4,162,35% y 3,824,26%, 
respectivamente). 
Bajo condiciones naturales de radiación solar y a tan sólo 2,5 horas de 
exposición, se observó una drástica disminución de la viabilidad ooquística en 
las muestras con TiO2 y TiO2/H2O2 (4,453,55% y 1,580,48%, 
respectivamente), comprobándose la existencia de diferencias estadísticamente 
significativas con los correspondientes valores determinados en muestras 
expuestas sin fotocatalizador. Tras 5 horas de exposición, las viabilidades 
ooquísticas detectadas en las muestras que contenían TiO2 y TiO2/H2O2 fueron 
2,291,99% y 0,920,71%, respectivamente, observándose también una 
notable disminución de la viabilidad ooquística en aquellas muestras expuestas 
en presencia/ausencia de H2O2 (22,6313,31% y 33,855,82%, 
respectivamente). 
La comparación de los resultados obtenidos bajo ambas condiciones de 
radiación solar, permitió comprobar mayores reducciones de la viabilidad 
ooquística en los experimentos de campo. Así, tras un tiempo de exposición de 
2,5 horas, los porcentajes de viabilidad ooquística determinados en muestras 
con TiO2 y TiO2/H2O2 expuestas a la radiación solar natural fueron 
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significativamente inferiores a los correspondientes valores obtenidos en 
condiciones simuladas (4,45±3,55% y 1,58±0,48% vs 22,09±10,83% y 
24,64±14,95%, respectivamente). Sin embargo, al final de los ensayos, los 
porcentajes de viabilidad ooquística obtenidos en ambas condiciones de 
trabajo fueron similares (2,29±1,99% y 0,92±0,71% vs 4,16±2,35% y 
3,82±4,26% en muestras conteniendo TiO2 y TiO2/H2O2 bajo luz natural y 
artificial, respectivamente). Sin embargo, al máximo tiempo de exposición, los 
valores de viabilidad ooquística determinados en las muestras expuestas a la 
radiación solar natural en presencia de H2O2 fueron significativamente 
inferiores con respecto a los correspondientes valores obtenidos bajo luz solar 
simulada (22,63±13,31% vs 82,48±3,46%, respectivamente). 
Los resultados obtenidos confirman la eficacia de la fotocatálisis 
heterogénea en la inactivación de ooquistes de C. parvum en agua destilada, 
disminuyendo el tiempo necesario para alcanzar la inactivación ooquística con 
respecto a los valores determinados en muestras expuestas a la radiación solar 
sin fotocatalizador. Sin embargo, la adición de H2O2 a baja concentración no 
mejoro la eficacia de la fotocatálisis con TiO2 frente a este protozoo parásito. 
3. Evaluación de la fotocatálisis homogénea mediante el proceso de 
foto-Fenton 
Se estudió la eficacia de la fotocatálisis homogénea mediante el proceso 
de foto-Fenton en la inactivación de los ooquistes de C. parvum en agua 
destilada bajo condiciones naturales de radiación solar. Mediante un diseño 
factorial 33 de primer orden se evaluó la influencia de varias concentraciones 
de Fe
2+
/H2O2 (5/10, 10/20 y 20/50 mg/L), tres valores de pH (3, 5,5 y 8) y 
diferentes tiempos de exposición (2, 4 y 6 horas) en la supervivencia de las 
formas infectantes de este protozoo parásito. Para ello, vasos de precipitados 
conteniendo 30 mL de agua destilada con las distintas concentraciones de 
Fe
2+
/H2O2 a los valores de pH establecidos, se contaminaron con  
6×10
6
 ooquistes de C. parvum y se expusieron a la luz solar natural durante un 
tiempo de exposición máximo de 6 horas en la Plataforma Solar de Almería. 
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Los menores valores de viabilidad ooquística, determinada mediante la 
técnica de inclusión/exclusión del colorante vital fluorogénico ioduro de 
propidio, se obtuvieron a la mayor concentración de Fe
2+
/H2O2 (20/50 mg/L), 
el menor valor de pH (3) y tiempos de exposición de 4 y 6 horas (3,68±1,38% 
y 6,39±2,65%, respectivamente, vs 91,67±3,63%, viabilidad ooquística 
inicial). Además, bajos valores de viabilidad ooquística se observaron en el 
ensayo realizado con una concentración de Fe
2+
/H2O2 de 20/50 mg/L, a pH 5,5 
y tras un tiempo de exposición de 6 horas (9,35±2,26%). Mediante el análisis 
de la significación del efecto de cada parámetro evaluado en el diseño 
experimental, se comprobó que la concentración de Fe
2+
/H2O2, y el tiempo de 
exposición, así como la interacción del pH y la concentración de Fe
2+
/H2O2 
son factores que influyen de forma estadísticamente significativa sobre la 
viabilidad de los ooquistes de C. parvum. El análisis de regresión múltiple se 
obtuvo la siguiente ecuación empírica: 
Viabilidad ooquística (%) = 50,139 – 11,515C – 17,867T + 10,746PC + 1,868P 
donde C, es la concentración de Fe
2+
/H2O2; T, el tiempo de exposición; PC, la 
interacción del pH y la concentración de Fe
2+
/H2O2; y P, el pH. Los valores 
estadísticos de R
2
 indican que el modelo explica el 76,76% de la variabilidad 
de la viabilidad ooquística (P = 0,0033). El diseño factorial no incluye los 
parámetros temperatura e intensidad de radiación, los cuales varían durante los 
experimentos llevados a cabo en condiciones naturales de radiación solar. Así, 
la temperatura de las muestras osciló entre 24,6±1,73 °C y 44,4±4,10 °C, 
alcanzando una temperatura máxima de 47,3 °C a un tiempo de exposición de 
5 horas. De esta forma, además del proceso de foto-Fenton, las reducciones 
observadas en la viabilidad ooquística pudieron ser también consecuencia de 
las altas temperaturas registradas en las muestras de agua.  
Los resultados obtenidos demuestran la eficacia del proceso de  
foto-Fenton para inactivar los ooquistes de C. parvum. Sin embargo, se 
requieren altas concentraciones de Fe
2+
/H2O2 (20/50 mg/L), bajos valores de 
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pH (≤5,5) y largos tiempos de exposición (4 y 6 horas) para obtener 
porcentajes elevados de inactivación ooquística. 
4. Evaluación de la tecnología de ultrasonidos 
Se estudió la eficacia de la tecnología de ultrasonidos en la regeneración 
de aguas experimentalmente contaminadas con ooquistes de C. parvum. Para 
ello, vasos de precipitados de 100 mL de capacidad conteniendo 75 mL de 
distintos tipos de agua (agua destilada, efluentes simulado, real y filtrado de 
EDAR) se contaminaron con 7×10
6
 ooquistes y se expusieron al proceso de 
sonicación a potencias de 60, 80 y 100 W, en modo pulsado/continuo, durante 
diferentes tiempos de exposición. Al igual que ensayos anteriores, la 
viabilidad ooquística también se determinó mediante la técnica de 
inclusión/exclusión del colorante vital fluorogénico ioduro de propidio. 
Los estudios iniciales realizados con agua destilada demostraron 
descensos significativos en la viabilidad ooquística cuando los ooquistes de  
C. parvum se sometieron a potencias de 60, 80 y 100 W en modo de trabajo 
pulsado, obteniéndose valores de 15,54±2,90%; 0,00±0,00%; y, 15,00±2,06% 
tras la aplicación de las distintas potencias durante 60, 30 y 5 minutos, 
respectivamente (vs 98,57±0,01%, viabilidad ooquística inicial). De igual 
forma, en modo continuo se observó un brusco descenso de la viabilidad 
ooquística hasta llegar a anularse a las potencias de 60 y 80 W después de 
tiempos de exposición de 60 y 20 minutos, respectivamente. A la mayor 
potencia ensayada (100 W) y tras 5 minutos de exposición, la viabilidad 
ooquística fue de 5,38±1,49%. Se comprobó la existencia de diferencias 
estadísticamente significativas entre los porcentajes de viabilidad ooquística 
obtenidos a distintas potencias y en ambos modos de trabajo, siendo estos 
menores cuando se aplican las mayores potencias y el modo de trabajo 
continuo (P<0,01). Sin embargo, a igual potencia y liberando la misma 
cantidad de energía, no se detectaron diferencias estadísticamente 
significativas entre los valores de viabilidad ooquística determinados en ambos 
modos de trabajo. 
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Utilizando distintos tipos de agua residual e independientemente del 
modo de trabajo, se comprobaron mayores descensos en la viabilidad 
ooquística, con respecto a los correspondientes valores determinados en agua 
destilada, probablemente debido al importante papel que desempeña la 
composición química de las mismas. Así, a la potencia de 80 W en modo 
continuo y tras 5 minutos de exposición, se observaron diferencias 
estadísticamente significativas entre los valores de viabilidad ooquística 
obtenidos en muestras de efluentes simulado, real y filtrado de EDAR con 
respecto al correspondiente valor hallado en agua destilada (11,79±2,13%; 
14,16±1,96%; 14,78±2,66% vs 23,21±4,84%, respectivamente). Sin embargo, 
tras 10 minutos de exposición, los valores de viabilidad ooquística observados 
en los distintos tipos de agua ensayados fueron similares (1,29±0,86%; 
3,16±0,69%; 3,15±0,87% ; 4,16±1,93% en efluentes simulado, real y filtrado 
de EDAR y agua destilada, respectivamente), reduciéndose drásticamente la 
viabilidad ooquística. 
Aunque en el presente estudio los reactores se mantuvieron en baño de 
hielo con el fin de disipar el calor de la muestra, los valores de temperatura 
aumentaron de forma significativa a medida que se incrementó la potencia 
aplicada y el tiempo de exposición, siendo significativamente superiores en 
modo continuo vs pulsado (P<0,05). Sin embargo, no se observaron 
diferencias estadísticamente significativas entre los valores de temperatura 
obtenidos en los distintos tipos de agua a las tres potencias ensayadas, 
alcanzándose valores máximos próximos a 40 C. 
La tecnología de los ultrasonidos representa una importante alternativa a 
los métodos de desinfección actualmente empleados en la regeneración de 
aguas, al reducir drásticamente la supervivencia de Cryptosporidium sin 
modificar la composición química del medio ni generar subproductos tóxicos. 
En conclusión, la interpretación global de los resultados obtenidos tras la 
evaluación de diferentes procesos de oxidación avanzados frente al protozoo 
parásito de transmisión hídrica C. parvum, considerado un patógeno de 
referencia en la evaluación de los tratamientos de agua, demuestra la eficacia 
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de estas tecnologías en la mejora de la calidad microbiológica del agua 
regenerada, aunque es necesario la realización de estudios para optimizar las 
condiciones de trabajo en función de la composición química del efluente de 
las aguas residuales. La inactivación de este enteropatógeno conlleva la 
eliminación de otros agentes infecciosos menos resistentes, permitiendo por 
tanto, un uso seguro del agua regenerada al proteger el medio ambiente y 
consecuentemente la salud humana y animal. 
 
Palabras clave: Cryptosporidium; Desinfección de aguas residuales; Procesos 
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O crecemento da poboación mundial, o notábel aumento das áreas 
urbanas, o uso da auga na agricultura, o quecemento global e as recorrentes 
secas, e o progresivo deterioro da calidade da auga son circunstancias que nas 
recentes décadas están exercendo unha enorme presión sobre os recursos 
hídricos do planeta. Ante esta situación, varios organismos internacionais 
defenden o uso de augas rexeneradas para diferentes propósitos que permite 
recuperar os custes parciais dos procesos de tratamento e proporcionan 
recursos hídricos alternativos. Sen embargo, a pesar do control dalgúns 
parámetros biolóxicos, a reutilización das augas residuais implica riscos para a 
saúde asociados a transmisión de certos patóxenos. Cryptosporidium é un 
xénero de protozoos entéricos emerxentes que causan brotes hídricos en todo o 
mundo. Este parasito ten unha forma inféctante resistente (ooquiste), cuxa 
presenza reportouse en efluentes de estacións depuradoras augas residuais, o 
que demostra que os tratamentos convencionais empregados para a 
reutilización da auga non son suficientes para a súa eliminación. 
O obxectivo da presente Tese de Doutoramento é investigar a eficacia de 
novas tecnoloxías baseadas nos procesos de oxidación avanzados, 
concretamente a fotocatálise heteroxénea empregando dióxido de titanio 
(TiO2) en suspensión, só ou combinada con peróxido de hidróxeno (H2O2), e a 
fotocatálise homoxénea mediante o proceso de foto-Fenton en condicións 
solares simuladas e/ou naturais, e a tecnoloxía de ultrasóns fronte o parasito de 
transmisión hídrica Cryptosporidium parvum. A viabilidade dos ooquistes 
determinouse mediante a aplicación da técnica inclusión/exclusión do 
colorante vital fluoroxénico ioduro de propidio. 
A fotocatálise solar heteroxénea empregando TiO2 en suspensión (0, 63, 
100 e 200 mg/L) avaliouse en auga destilada ou nun efluente simulado de 
estación depuradora de augas residuais (EDAR) contaminados con ooquistes 
de C. parvum e expostos a radiación simulada nun tempo máximo de 5 horas. 
O emprego de TiO2 en suspensión a concentración de 100 mg/L en auga 
destilada causou unha forte inactivación dos ooquistes despois de 5 horas de 
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exposición (4,162,35% vs 99,330,58%, viabilidade ooquística inicial).  
Sen embargo, nos ensaios realizados con efluentes simulados de EDAR, a 
incorporación do fotocatalizador non ofreceu mellores resultados. Despois do 
proceso de desinfección fotocatalítica, a recuperación do TiO2 en suspensión 
por sedimentación proporcionou unha redución substancial da carga 
parasitaria nas mostras de auga tratada (57,811,10% e 82,102,64% para  
200 mg/L de TiO2 en auga destilada e en efluente simulado de EDAR, 
respectivamente). 
Para acelerar o proceso de desinfección solar da auga, avaliouse a 
fotocatálise heteroxénea empregando unha combinación de TiO2 e H2O2 baixo 
condicións solares simuladas e naturais. Desta forma, mostras de auga 
destilada contendo 100 mg/L de TiO2 e 50 mg/L de H2O2 foron contaminadas 
con ooquistes de C. parvum e expostas a radiación solar durante 5 horas. 
Baixo condicións solares simuladas observouse unha forte diminución da 
viabilidade ooquística nas mostras que contiñan TiO2 e TiO2/H2O2 
(4,16±2,35% e 3,82±4,26%, respectivamente, vs 90,44±5,87%, viabilidade 
ooquística inicial). Baixo luz solar natural, unha redución similar da 
viabilidade ooquística detectouse nas mesmas mostras pero tan só as 2,5 horas, 
a metade do tempo de exposición (4,45±3,55% e 1,58±0,48% nas mostras que 
contiñan TiO2 e TiO2/H2O2, respectivamente, vs 99,45±0,95%, viabilidade 
ooquística inicial). Sen embargo, a adición de H2O2 a baixas concentracións 
(50 mg/L) non mellorou o proceso de fotocatálise con TiO2 fronte a 
Cryptosporidium. 
Ademais, na presente Tese de Doutoramento avaliouse por primeira vez a 
eficacia da fotocatálise homoxénea polo proceso de foto-Fenton fronte a  
C. parvum. Para iso empregouse un deseño factorial que estuda os efectos 
combinados da concentración de Fe
2+
/H2O2 (5/10, 10/20 e 20/50 mg/L),  
o pH (3, 5,5 e 8) e o tempo de exposición (2, 4 e 6 horas) sobre a 
supervivencia ooquística en auga destilada baixo luz solar natural. Os 
parámetros concentración de Fe
2+
/H2O2 e tempo de exposición, así como a 
interacción do pH coa concentración de Fe
2+
/H2O2 mostraron efectos 
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estatisticamente significativos sobre a viabilidade ooquística. As maiores 
inactivacións ooquísticas corresponderon a combinación de maior 
concentración de Fe
2+
/H2O2 (20/50 mg/L), o menor pH (3) e os maiores 
tempos de exposición (4 e 6 horas) (3,68±1,38% e 6,39±2,65%, 
respectivamente, vs 91,67±3,63%, viabilidade ooquística inicial). 
Finalmente, a eficacia da tecnoloxía de ultrasóns foi avaliada empregando 
tres niveis de potencia (60, 80 e 100 W), en modo descontinuo o 50% ou en 
continuo, na inactivación dos ooquistes de C. parvum en auga destilada e en 
efluentes simulado, real e filtrado de EDAR. A aplicación dos ultrasóns a  
80 W de potencia en modo continuo diminuíu fortemente a viabilidade de  
C. parvum tras exposición de 10 minutos, obténdose viabilidades ooquísticas 
de 4,16±1,93%; 1,29±0,86%; 3,16±0,69% e 3,15±0,87% en auga destilada e 
en efluentes simulado, real e filtrado de EDAR, respectivamente  
(vs 98,570,01%; viabilidade ooquística inicial). Independentemente do modo 
de traballo empregado (descontinuo/continuo) e a potencia de 80 W, o niveis 
de inactivación ooquística observados nos distintos efluentes de EDAR 
empregados foron maior que en auga destilada. 
A interpretación global dos resultados obtidos trala avaliación dos 
diferentes procesos de oxidación avanzados para inactivar o parasito de 
transmisión hídrica C. parvum, considerado un patóxeno de referencia para a 
avaliación dos tratamentos de auga, demostra a eficacia destas tecnoloxías 
para mellorar a calidade microbiolóxica da auga rexenerada. Non obstante é 
necesario realizar máis estudos para optimizar as condicións de traballo en 
función de composición química do efluente das augas residuais.  
A inactivación deste patóxeno entérico probabelmente asegurará a eliminación 
doutros axentes infecciosos menos resistentes, permitindo o uso seguro da 
auga rexenerada para diferentes propósitos e proporcionando una valiosa 
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The water resources available on Earth have been placed under enormous 
stress during the last few decades by the rapid growth of the world’s 
population, the extraordinary increase in urbanization, the overuse of water in 
agriculture, global warming, the periodic occurrence of droughts and the 
gradual deterioration of water quality. In view of this situation, several 
international agencies have defended the use of reclaimed water for different 
purposes, as this enables partial recovery of the cost of treatment processes 
and provides alternative sources of water. However, although some biological 
parameters are controlled in relation to the reuse of treated wastewater, there 
are some health risks associated with the transmission of pathogens. 
Cryptosporidium is one genus of emerging enteropathogens responsible for 
important waterborne outbreaks of disease worldwide. This protozoan parasite 
has a robust infectious form (oocyst), which has been reported to occur in 
wastewater treatment plant effluents, indicating that conventional wastewater 
treatments do not remove the pathogen. 
The aim of this Doctoral Thesis is to evaluate disinfectant efficacy of new 
technologies based on advanced oxidation processes (AOPs) to inactivate 
Cryptosporidium parvum, specifically heterogeneous photocatalysis with 
titanium dioxide (TiO2) slurry, alone or in combination with hydrogen 
peroxide (H2O2), homogeneous photocatalysis by the photo-Fenton process, 
and ultrasound technology. The oocyst viability was determined by 
inclusion/exclusion of the fluorogenic vital dye propidium iodide. 
Heterogeneous solar photocatalysis with TiO2 slurry (0, 63, 100 and  
200 mg/L) was evaluated using distilled water (DW) or a simulated 
wastewater treatment plant (WWTP) effluent spiked with C. parvum oocysts 
and exposed to simulated solar radiation for a maximum exposure time of  
5 hours. The use of TiO2 slurry at a concentration of 100 mg/L in DW yielded 
a high level of oocyst inactivation after 5 hours of exposure (4.16±2.35%  
Abstract 
xxvi 
vs 99.33±0.58%, initial oocyst viability). However, in the assays carried out 
with simulated WWTP effluent, addition of the photocatalyst did not increase 
the efficacy of the process. After the photocatalytic disinfection process, the 
TiO2 slurry was recovered by sedimentation and a substantial reduction in the 
parasitic load was observed in the treated water samples (57.81±1.10% and 
82.10±2.64% for 200 mg/L of TiO2 in DW and in simulated WWTP effluent, 
respectively). 
In order to accelerate the solar-induced disinfection of water, 
heterogeneous photocatalysis with TiO2 and H2O2 was conducted under 
simulated and natural solar radiations. Samples of DW containing 100 mg/L of 
TiO2 and 50 mg/L of H2O2 were spiked with C. parvum oocysts and exposed 
to solar radiation for 5 hours. A strong decrease in the oocyst viability was 
observed in samples containing TiO2 or TiO2/H2O2 under simulated solar 
conditions (4.16±2.35% and 3.82±4.26%, respectively, vs 90.44±5.87%, initial 
oocyst viability). Under natural sunlight, and after 2.5 hours, similar drastic 
reductions in the oocyst viability were observed in samples containing TiO2 or 
TiO2/H2O2 (4.45±3.55% and 1.58±0.48%, respectively vs 99.45±0.95%, initial 
oocyst viability). However, the addition of a low concentration of H2O2  
(50 mg/L) did not enhance the photocatalytic activity of TiO2 against 
Cryptosporidium. 
The efficacy of homogeneous photocatalysis by the photo-Fenton process 
for inactivating C. parvum was evaluated for the first time. For this purpose, a 
factorial design was used to study the combined effects of Fe
2+
/H2O2 
concentration (5/10, 10/20 and 20/50 mg/L), pH (3, 5.5 and 8) and exposure 
time (2, 4 and 6 hours) on oocyst survival in DW under natural sunlight. The 
variables Fe
2+
/H2O2 concentration and exposure time had statistically 
significant effects on the oocyst viability, as did the interaction between pH 
and Fe
2+
/H2O2 concentration. The maximum oocyst inactivation rates were 





(20/50 mg/L), the lowest pH value (3) and the longest exposure times (4 and  
6 hours) (3.68±1.38% and 6.39±2.65%, respectively, vs 91.67±3.63%, initial 
oocyst viability). 
Finally, the efficacy of ultrasound technology was evaluated at three 
power levels (60, 80 and 100 W), pulsed at 50% or in continuous mode, for 
inactivating C. parvum oocysts in DW and simulated, real and filtered WWTP 
effluents. Application of ultrasound irradiation at 80 W power in continuous 
mode for an exposure time of 10 minutes greatly reduced the viability of  
C. parvum. Thus, oocyst viabilities of 4.16±1.93%, 1.29±0.86%, 3.16±0.69% 
and 3.15±0.87% were obtained in DW and simulated, real and filtered WWTP 
effluents, respectively (vs 98.57±0.01%, initial oocyst viability). 
Independently of the mode used (pulsed/continuous) and at 80 W power, the 
level of oocyst inactivation was higher in WWTP effluents than in DW. 
The overall interpretation of the results obtained after evaluation of the 
efficacy of different AOPs for inactivating the waterborne parasite C. parvum, 
considered a reference pathogen in the evaluation of water treatments, 
demonstrates the effectiveness of these technologies for improving the 
microbiological quality of reclaimed water, although further studies are 
needed in order to optimize the working conditions regarding the chemical 
composition of wastewater effluents. Inactivation of this enteropathogen will 
probably ensure elimination other less resistant infectious agents, thus 
ensuring the safe of reclaimed water for different purposes and providing a 
valuable protection of the environment and consequently for the human and 
animal health. 
 
Keywords: Cryptosporidium; Wastewater disinfection; Advanced oxidation 
































Water is an essential resource for life. It is vital for human health and 
well-being, for supporting ecosystems and for the development of agriculture 
and industry. Although the United Nations General Assembly (UN) has 
explicitly recognized the human right to water and sanitation, more than  
663 million people throughout the world lack access to safe drinking water 
and 2,000 million people do not have sanitation facilities (World Bank, 2017). 
The World Health Organization (WHO) has estimated that unsafe drinking 
water, inadequate sanitation and poor hygiene lead to more than 800,000 
diarrhoeal deaths annually (WHO, 2019a, 2019b). For these reasons, the  
2030 agenda for Sustainable Development Goals (SDGs) addresses the 
comprehensive, inclusive and integrated improvement of water resources. 
SDG 6 focuses on the following targets: safe drinking water, sanitation and 
hygiene; water and wastewater quality; water use efficiency and scarcity; 
integrated water management; ecosystem protection; international 
cooperation; capacity building; and stakeholder participation (UN, 2015). 
Freshwater represents 2.5% of the total water on earth. However, more 
than two-thirds of this water (68.6%) is frozen, occurring as snow and ice, and 
approximately one third is stored below ground as groundwater (30.1%). 
Thus, only 1.3% of freshwater on the planet is readily available as surface 
water in lakes, swamps, rivers and streams, which are the main source of water 
used for human consumption (Figure 1). Furthermore, water is not 
homogeneously distributed throughtout the world as some regions suffer 
greatly from water scarcity and excessive variability in supplies, and most 
water sources are not available for human use or consumption (Shiklomanov, 
1993). The availability and sustainability of freshwater in sufficient quantity 
for humans and the functioning of the biosphere is therefore a global problem 
(Lehr and Keeler, 2005).  
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Moreover, several factors such as the growth of the world population, the 
large increase in urbanization, the use of water in agriculture (which currently 
consumes 70% of the resources); global warming and extreme weather events 
(floods and droughts); and the progressive deterioration of water quality 
(pollution and eutrophication) (Winpenny et al., 2013; World Bank, 2016 
continue to undermine the quality and availability of water (European 
Environment Agency, 2018). 
 
Figure 1. Water reserves on Earth. 
Water stress is currently affecting millions of people around the world: 
two-thirds of the global population (4,000 million people) live under 
conditions of severe water scarcity during at least 1 month a year and 
approximately 500 million people face severe water scarcity all year round 
(Mekonnen and Hoekstra, 2016). By 2025, about 1,800 million people will be 
living in regions or countries with absolute water scarcity (World Bank, 2016). 
In order to combat the problems of scarcity, water resources must be 
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years. This implies the need for greater efficiency, innovation, minimization of 
waste, reuse and recycling, all key components of a circular economy (Chen et 
al., 2016; European Environment Agency, 2018). Consequently, water reuse 
has been introduced as an eco-efficient way of reducing water stress and it is a 
growing practice in many countries (United Nations Environment Programme 
[UNEP] and Global Environment Centre Foundation [GEC], 2004; Hochstrat 
et al., 2008; Sa-nguanduan and Nititvattananon, 2011; Nitivttananon and Sa-
nguanduan, 2016). Various international organizations such as the World 
Bank, the WHO and the United Nations Educational, Scientific and Cultural 
Organization (UNESCO) promote the reuse of wastewater as an alternative 
and reliable resource. In addition, water reuse is beneficial in both developed 
and developing countries because (Nitivttananon and Sa-nguanduan, 2016):  
i) increased water availability; ii) integrated and sustainable use of water 
resources; iii) drinking water is used only for drinking and reclaimed water is 
used for other purposes; iv) reduced over-abstraction of surface and 
groundwater; v) lower energy consumption than associated with the use of 
deep groundwater resources, water importation or desalination; vi) reduced 
nutrient loads to receive waters; vii) reduced manufacturing cost of using high 
quality reclaimed water; viii) increased agricultural production and reduced 
application of fertilisers; ix) enhanced environmental protection by restoration 
of streams, wetlands and ponds; x) and increased employment and 
development of local economies (Alcalde-Sanz and Gawlik, 2014). 
1.1 Water reuse 
The UNESCO defines wastewater as a combination of one or more 
domestic effluents that consist of blackwater (excrement, urine and faecal 
sludge) and greywater (sink and bath water); water from commercial 
establishments and institutions (including hospitals); industrial effluents; storm 
water and other urban run-off; and run-off from agriculture, horticulture and 
aquaculture (Raschid-Sally and Jayakody, 2009). 
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Water reuse or wastewater use is a comprehensive concept that involves 
the use of untreated, partially treated or treated wastewater in different 
applications. The terms ‘reused’, ‘recycled’ and ‘reclaimed’ are difficult to 
define as they are sometimes considered synonymous, whereas in other cases 
each is specifically defined.  
The United Nations World Water Assessment Programme (WWAP) 
defines recycled water and/or reclaimed water as treated (‘fit-for-purpose’) 
wastewater that can be used under controlled conditions for beneficial 
purposes within the same establishment or in other facilities, respectively 
(WWAP, 2017). 
Treated or untreated wastewater is a critical component of the water cycle 
and should be taken into account during all water management cycles - capture 
of freshwater (surface or groundwater), water treatment (drinking water 
treatment in drinking water treatment plants), distribution, use, collection and 
treatment of wastewater (wastewater treatment plant) - until its possible reuse 
and discharge in the environment, where the sources are recharged for the 
following capture freshwater. 
It has been estimated that more of 80% of wastewater worldwide is 
discharged directly to the environment without adequate treatment (WWAP, 
2012; UN-Water, 2015). This has direct impacts on human health, the 
environment and economic productivity. Indeed, the level of treatment of 
wastewater usually reflect the level of income in a country (70%, 38%, 28% 
and 8% of treated wastewater from countries characterised respectively by 
high, upper-middle, lower-middle and low incomes) (Sato et al., 2013). 
Consideration of wastewater as a resource is aimed at reducing pollution as 
well as decreasing the cost of managing wastewater and improving the 
sustainable economy of a system. This will have a positive impact on 
freshwater supplies, human and environmental health and will generate 
income by promoting new business opportunities and supporting the 
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advancement of a green economy. In this respect, in the previously mentioned 
SDGs, target 6.3 is closely related to wastewater management and focuses on 
the necessary increase in safe water recycling and reuse worldwide (UN-
Water, 2016; WWAP, 2017). 
1.2 Historical perspective 
The treatment and reuse of wastewater is a concept that it has evolved 
and advanced throughout human history. The application of human waste to 
land is an ancient practice that has undergone different stages of development, 
leading to better knowledge of the process, technological advances and 
development of water quality standards (Angelakis and Snyder, 2015; 
Paranychianakis et al., 2015), from ancient to contemporary times (Rose and 
Angelakis, 2014; Angelakis et al., 2018). The practice of reusing of raw 
sewage in order to remove waste from human settlements has been carried out 





 centuries with the development of wastewater treatment methods, 
before regaining popularity due to population growth, urban development, 
climate change, rapid development of technologies, and the recognition that 
freshwater is a finite resource. In order to understand how water is distributed 
and to identify the problematic situation today, we must know how 
wastewater, and the associated problems, have been addressed throughout the 
centuries (Salgot and Folch, 2018). 
1.2.1 Prehistoric times: the Neolithic and the Bronze Age 
(10,000 BC-8
th
 century BC) 
Until the Bronze Age and the birth of the first advanced civilizations, 
human excreta was removed when necessary as explained by the Mosaic Law 
of Sanitation (Deuteronomy 23.9-14) to an area of the ground or to a hole dug 
in the ground and covered after use. Growth of the population led to 
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development of collection systems for wastewater and rainwater (Lofrano and 
Brown, 2010; Angelakis et al., 2018). 
Prehistoric civilizations developed advanced systems to move sewage to 
rivers, and the sea, or to use it to irrigate and fertilizate agricultural land.  
The first historical evidence of reuse of wastewater effluent reuse was found in 
Crete (Hellas) and Mohenjo-Daro (Indus Valley). The latter city received 
water from at least 700 wells and had bathrooms inside the house and sewage 
system in the streets. In the Harappa city (Indus Valley), sewage was removed 
from all houses to a main sewer, which was connected to larger sewers for 
transportion and disposal on agricultural land. Other great civilizations, such 
as the Minoan and Mesopotamian civilizations, which also flourished in this 
period, used similar water use systems and developed advanced sewerage and 
drainage systems (aqueducts, cisterns, filtration systems, sedimentation basins, 
rain collection systems, terracotta pipes for water and wastewater supply,  
as well as sewage and drainage systems) (Angelakis et al., 2005; Angelakis 
and Zheng, 2015). 




 century AD) 
Ancient Greece was one of the first civilizations to use the wastewater in 
agriculture, and archaeological and historical sources of evidences show 
advanced wastewater technologies that extended throughout the Archaic  
(ca. 750-480 BC) and Classical (ca. 480-336 BC) periods (Angelakis and 
Zheng, 2015). During the Classical period, the sewage produced from public 
toilets and residences was eliminated, along with rainwater, through combined 
sewerage and drainage systems to collection basins outside the city through 
the river Eridanos (De Feo et al., 2013). A sewerage and drainage system 
found in southeast of the Acropolis consisted of a central sewer that 
transported the wastewater collected from surrounding houses and shops 
throught to clay drainpipes. In addition, the great drain of the ancient Agora 
(Athens) delivered rainwater and sewage to a collection basin (Antoniou, 
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2010) (Figure 2). From the basin, the wastewater was transported through 
brick-lined conduits to agricultural land in Elaionas, where it was used to 
irrigate and fertilize orchards and field crops (Angelakis and Gikas, 2014; 
Tzanakakis et al., 2014; Yannopoulos et al., 2015). 
 
Figure 2. Photograph of a section of the Hadrianic aqueduct near the Ancient Agora (Athens)  
(  Carole Raddato). 
The Romans inherited and further developed the Greek water systems 




 century AD), increasing the 
scale of the application and implementing water projects in almost all cities 
(De Feo et al., 2013; Angelakis and Zheng, 2015). 




 century AD) 
Water technology and knowledge during medieval times in Europe made 
little progress, and sanitation in most cities even become very primitive or 
reverted to basic sanitation. In European cities, the inhabitants dumped 
wastwater in the middle of the streets or where it was collected by sewage 
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carts and finally discharged close to water bodies. The inhabitants of densely 
populated towns and villages were thus subjected to bad odours and were 
susceptible to illnesses and disease outbreaks that sometimes decimated the 
population (Salgot and Folch, 2018). As a result, at least 25% of the European 
population died during this period as a result of waterborne diseases 
(Schladweiler, 2001). 
Islamic culture religiously mandated high levels of personal hygiene, 
along with highly developed water supplies and adequate sanitation systems, 
which in some cases were the same as Greek and Roman facilities  
(Mays, 2008; Angelakis and Zheng, 2015; Salgot and Folch, 2018). 




 centuries), in the 
Mediterranean region and in some countries in northern Europe, sewage was 
used to irrigate agricultural land (Durham et al., 2005). In Central and South 
America, innovative ways of reusing water, such as the chinampa system were 
already in use before these countries were colonized. Chinampa is a 
Mesoamerican agricultural practice described as floating gardens, consisting 
of small but highly productive plots constructed on wetlands, swamps, shallow 
lakes and floodplains with sediments, manure, compost and plant debris 
(Smith, 1996). The Aztec civilizations (around 1200-1500 AD) were the first 
to document the use of chinampa, observing the benefits of adding animal and 
human waste to soil land agricultural lands (Coe, 1964; Angelakis et al., 
2018). 




 century AD) 
The disposal of human waste became an important problem in major 
cities during this period as the population increased and waste management 
was unregulated. Recognition by authorities for the need for sanitation led to 
development of means of disposing and reusing effluents, know as ‘sewage 
farms’ to protect the public health and control contamination (Stanbridge, 
1976). The first ‘sewage farms’ were operated in 1531 in Bunzlau (Silesia, 
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Poland) and in 1650 in Edinburgh (Scotland, United Kingdom), where 
wastewater was used to irrigate and fertilize agricultural land. At the end of the 
18
th
 century, large sewage farms were established in large cities in Europe, the 
United States of America (USA) and, at the end of 19
th
 century, in Australia 
(Tzanakakis et al., 2014; Angelakis and Snyder, 2015). 
In the 19
th
 century, sanitation practices remerged after the great epidemics 
that occurred in various parts of the world. Thus, the great cholera and typhoid 
fever epidemic that resulted in the death of 10,000 people in England between 
1830 and 1850 caused by contamination of water sources with raw sewage, 
revealing the need for better sanitation and protection of water sources. In the 
summer of 1858, central London was affected the ‘Great Stink’, with the 
overpowering smell occurring as a consequence of the discharge of untreated 
human sewage into the River Thames. Scientists observation of the 
relationship between sewage disposal and the health of the population led to 
the establishment of sanitation regulations by public health and environmental 
policy agencies (Stanbridge, 1976; Angelakis and Gikas, 2014; Angelakis and 
Snyder, 2015). 
Moreover, new methods of treating sewage (large septic tanks, contact 
beds, and trickling filters) before it was discharged on land or in freshwater 
bodies were developed in both Germany and England (Angelakis et al., 2018). 
Reuse as a planning activity was implemented in San Francisco (California, 
USA) in the 19
th
 century as treated effluent was used to irrigate the Golden 
Gate park (Hyde, 1937; Angelakis and Snyder, 2015). 
The 20
th
 century brought important technological and scientific advances, 
in addition to a large increase in the number of wastewater treatment plants 
(WWTP), where were widely adopted in the major cities of the world because 
they were compact, mechanized and could handle large volumes of sewage for 
direct discharge in to rivers or the sea (Jiménez and Asano, 2008; Lazarova et 
al., 2013). The direct discharge of treated effluents in water bodies led to 
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decrease in the interest in recovering nutrients and organic matter to fertilize 
land and improve soil characteristics. However, California was a pioneering 
state in promoting the regeneration and reuse of water. Thus, in 1918, the 
California State Board of Health established the water quality requirements 
needed for the reuse of effluents from a septic tank system and regulated their 
use for agricultural irrigation (California State Board of Health, 1918). 
Nevertheless, it was not until the latter part of the 20
th
 century and early  
21
th
 century that water reclamation and reuse regained popularity (Asano et 
al., 2007; Angelakis et al., 2018). Thus, the concept of purified/regenerated 
water although not new, arise in the 1970s in many countries (Israel, Spain, 
USA, among others). The concept is applicable to treated water, the quality of 
which makes it suitable for reuse, with an approach considered from the health 
point of view (Ayers and Westcot, 1994). 
1.3 Conventional wastewater treatments 
As already mentioned, wastewater treatment is important for human and 
environmental health, and reuse of the effluent is also appropriate for 
domestic, agricultural and industrial applications. This process is carried out in 
WWTP, where the sewage is subjected to physical, chemical, biological and 
disinfection processes in order to remove organic matter, pollutants and 
microorganisms. The guidelines for physical-chemical and microbiological 
parameters that treated wastewater must meet are very diverse and depend on 
the country of application. However, wastewater treatment process are very 
similar, involving primary, secondary and tertiary treatments (Kumar-Singh et 
al., 2016). 
In primary treatment, the raw sewage is subjected to physical and 
chemical processes (passed through screens, coagulation, flocculation, 
flotation…) in order to separate large objects such as rags, plastic, oil fatty 
acids, and suspended solids. Initial screening remove material of different size 
(10 mm to >50 mm). The filtered raw sewage is then passed through a grit 
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chamber, where the influent is slowed down so that the suspended solid 
particles fall to the bottom, whereas fats, oil or greases float on the top. During 
the coagulation process, the colloidal particles are destabilized by addition of 
coagulants, most commonly aluminium sulphate. Several reagents are added 
to the influent during the flocculation process to promote the formation of 
agglomerates of destabilized colloidal particles. Finally, flotation occurs on 
solid-liquid or liquid-liquid separation when the density of the particles is less 
than the density of the liquid. This initial treatment removes approximately 
55% of suspended solids and reduces the biochemical oxygen demand (BOD) 
by 35%, because some of these particles are biodegradable. This treatment can 
remove bacteria, viruses and protozoa, although the proportion removed from 
the different microorganisms varies widely: 25% of faecal coliforms; 29% of 
faecal streptococci; 12% of Escherichia coli; 51% of Clostridium perfringens; 
76% of Giardia spp.; 27% of Cryptospodium spp.; the treatment is totally 
ineffective against enteric viruses (Payment et al., 2001). 
Secondary treatment usually uses microorganisms to convert most 
contaminants from the soluble and non-settling solids into settleable solids 
(wastewater biosolids) (Hartley, 2006). Biological treatments are very diverse, 
although activated sludge is commonly used. The process involves aeration 
and agitation of a bacterial culture in tanks fed with the influent. This process 
can remove up to 95% of the BOD and suspended solids, as well as significant 
amounts of heavy metals, some organic compounds and approximately 2-3 log 
of microbial indicators (Wen et al., 2009; Voulvoulis, 2018). 
Conventional wastewater treatment usually ends with secondary 
treatment, after which the water is discharged into a stream or water body. 
However, secondary treatment cannot efficiently remove all of the different 
compounds found in sewage, and treated effluents therefore constitute one of 
the main sources of persistent micropollutants in the environment (Rowsell et 
al., 2010). Tertiary treatment effluents of better quality, as it removes other 
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contaminants such as microbial pathogens, particulates and nutrients (nitrogen 
and phosphorus). This allows effluents to be discharged into areas where the 
requirements are stricter or allow them to be reused in other applications. 
Tertiary disinfection treatment can use chemicals (chlorine or ozone), 
membrane systems (reverse osmosis), or physical process (ultraviolet 
radiation) (Kumar-Singh et al., 2016). 
Chlorination has been widely used as a disinfectant in water and to treat 
wastewater to inactivate pathogens (Adeyemo et al., 2019). However, several 
waterborne protozoa, such as Giardia spp. cysts and Cryptosporidium spp. 
oocysts, which are resistant to the concentrations of chlorine usually used, 
constitute a serious challenge in standard water treatment processes (Korich et 
al., 1990; Rennecker et al., 2000; Craun et al., 2010). Moreover, the use of 
high doses of chlorine may have ecological side effects due to the formation of 
chlorinated hydrocarbons (Redwan and Abdullah, 2012). 
Ozone disinfection is effective against pathogens that are resistant to 
chlorine (Campos-Reales-Pineda et al., 2008), as ozonisation significantly 
reduces the viability and infectivity of Cryptosporidium spp. oocysts 
(Quintero-Betancourt et al., 2003; Pereira et al., 2008). However, high 
concentrations and high exposure times are necessary for effective inactivation 
of this protozoa. Rennecker et al. (2000) used a concentration of 5 mg/L for 
exposure times of 5 minutes, and achieved of 99% of inactivation of 
Cryptosporidium parvum oocysts. 
Ultraviolet (UV) radiation is a physical method widely used in WWTPs 
for additional treatment of secondary effluents (Adeyemo et al., 2019) and 
several studies have demonstrated the efficiency of this process to inactivate 
resistant forms of Giardia spp. and Cryptosporidium spp. (Morita et al., 2002; 
Hijnen et al., 2006; Adeyemo et al., 2019). 
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1.4 New technologies for wastewater treatment based on 
advanced oxidation processes 
Advanced oxidation processes (AOPs) are oxidative processes that 
involve the formation of hydroxyl radical (HO
•
), which has the second 
oxidizing potential after fluorine. These radicals are capable of non-selective 
oxidizing and mineralizing a wide variety of organic molecules, allowing the 
degradation of recalcitrant and emerging contaminants and the inactivation of 
different microorganisms in water. AOPs investigated for application in water 
treatment include photochemical and non-photochemical processes (Table 1) 
(Kanakaraju et al., 2018). 






Electrochemical oxidation UV/H2O2/O3 
  
Ultrasound irradiation UV/TiO2 
  
Sub/super critical water Photo-Fenton 
The term photocatalysis was first defined by Carey et al. in 1976 as the 
acceleration of a photoreaction through the presence of a catalyst, with light 
and a catalyst being essential (Carey et al., 1976). In this way, chemical 
species are altered as a result of the absorption of UV-visible radiation by a 
photosensitive species, the catalyst. Heterogeneous photocatalysis is based on 
the use of a solid semiconductor (e.g. titanium dioxide, zinc oxide, zinc 
sulphide, cadmium sulphide and iron oxides) irradiated with photons of the 
appropriate wavelength to generate a reaction at the solid-liquid or solid-gas 
interface. By definition, the catalyst must be able to be reused after acting in 
the oxidation-reduction system without undergoing significant changes 
(Herrmann, 2005). On the contrary, in homogeneous photocatalysis, all of the 
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components are at the same phase, generally dissolved in the liquid phase, and 
copper and iron salts are often used (Malato et al., 2009). 
1.4.1 Heterogeneous photocatalysis with titanium dioxide (TiO2) 
In the last few decades, the degradation of chemical compounds by 
photocatalytic or photochemical processes has gained importance in the area 
of wastewater treatment. Water disinfection is very importance in 
photocatalytic processes. Among the AOPs, heterogeneous photocatalysis 
with TiO2 is the most widely investigated, particularly as a tertiary treatment 
for the degradation of chemical pollutants present in wastewater. The main 
advantages are as follows: i) the absence of toxicity; ii) the high stability and 
possible reuse of the treated wastewater; iii) the low cost of the photocatalyst; 
iv) the gentle working conditions (natural pH, environmental temperature and 
pressure); v) the absence of additional chemical agents; and, vi) the possible 
use of sunlight as a source of radiation (Malato et al., 2009; Byrne et al., 
2015). 
In addition, TiO2 photocatalysis can be carried out by maintaining the 
catalyst in aqueous suspension or immobilized in a solid support. The choice 
of one method or the other will depend on the final destination of the treated 
water. Thus, for purifying of drinking water, the TiO2 must be immobilized, 
whereas in wastewater treatment, the photocatalyst can be used in suspension, 
thus providing a larger surface area of contact. In addition to latter reuse, it is 
possible to recover TiO2 by different methods, some as simple as 
sedimentation (Fernández Ibáñez, 2004) and others based on the use of filters 
and/or coagulating agents (Xi and Geissen, 2001; Gustafsson et al., 2003). 
Titanium dioxide occurs in an oxidized state as three different crystalline 
forms: brookite, rutile and anatase, with the latter being the most active from a 
photocatalytic point of view (Fernández Ibáñez, 2004). The commercial 
Aeroxide P-25 (Degussa, Evonik Industries, Essen, Germany) is characterized 
by a 70:30 ratio of anatase:rutile (Tech. Bulle Pigm., Degussa, 1991), a mean 
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particle size of 20-40 nm and a specific area (surface area per sample mass 
unit) of 55±5 m
2
/g (Fernández Ibáñez, 2004). Moreover, TiO2 Degussa P-25 is 
the most commonly used form, providing the highest degradation efficiency 
(Sakthivel et al., 2000; Yamazaki et al., 2001). 
In heterogeneous photocatalysis with TiO2, organic compounds (M) are 
oxidized (Mx) through the valence band opening while oxygen is reduced 
(Thiruvenkatachari et al., 2008; Chong et al., 2010). The positive opening can 
also react with water, forming the HO
•
 (Malato et al., 2009; Foster et al., 
2011), which can further oxidize organic compounds (Thiruvenkatachari et al., 
2008) (Figure 3). 
 
Figure 3. Diagram illustrating an advanced oxidation process involving use of UV radiation of 
300-400 nm in a particle of TiO2 to excite an electron to the conduction band, creating a positive 
opening in the valence band (h+). 
The chemical reactions that occur during this process are summarized by 
equations 1-5 (Wu and Englehardt, 2015; Gassie et al., 2016; Gassie and 
Englehardt, 2017): 
𝑇𝑖𝑂2 + ℎ𝑣 → 𝑒
− + ℎ+      (1) 
𝑒− + 𝑂2 → 𝑂2
−       (2) 
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ℎ+ +𝑀 → 𝑀𝑥       (3) 
ℎ+ +𝐻2𝑂 → 𝐻𝑂
       (4) 
𝐻𝑂 +𝑀 → 𝑀𝑥        (5) 
Matsunaga et al. (1985) first reported on the potential use of TiO2 in 
disinfection processes by verifying the total or partial inactivation of 
Lactobacillus acidophilus, E. coli, Saccharomyces cerevisiae and Chlorella 
vulgaris after 120 minutes of incubation. Subsequently, Ireland et al. (1993) 
observed the total reduction of bacterial flora in non-chlorinated samples of 
surface water exposure to TiO2 in a continuous flow reactor. Herrera Melián et 
al. (2000) proved the efficacy of the use of TiO2 in urban wastewater 
disinfection, significantly reducing the bacterial load of faecal coliforms by 
using UV-C radiation lamps and solar light. More recently, Rincón and 
Pulgarin (2004) demonstrated a residual disinfectant effect by the lack of  
re-growth of E. coli K12 within 60 hours of TiO2 treatment in the presence of 
sunlight. Other studies shown the efficacy of TiO2 against more resistant 
microorganisms such as Pseudomonas aeruginosa, Staphylococcus aureus,  
S. cerevisiae, Candida albicans and Fusarium spp. (Seven et al., 2004; Sichel 
et al., 2007; Polo-López et al., 2012). A significant reduction in the infectivity 
of infectious biomolecules (prions) was even demonstrated after 
heterogeneous photocatalysis treatment of the samples with TiO2 (Paspaltsis et 
al., 2009). 
The mechanism underlying photocatalytic inactivation is not yet clear. 
However, numerous studies have investigated the generation of reactive 
oxygen species (ROS) (hydroxyl radical, superoxide radical anion, 
hydroperoxyl radical and hydrogen peroxide) and their interaction with 
biological structures in an attempt to elucidate the inactivation mechanisms, 
concluding that the leading cause of loss of microorganism viability is not yet 
completely understood (Dalrymple et al., 2010; Byrne et al., 2015). 
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1.4.2 Homogeneous photocatalysis by photo-Fenton process 
Henry J. Fenton described the Fenton reaction in 1894, demonstrating 
that hydrogen peroxide (H2O2) could be activated by Fe
2+
 salts to oxidize 
tartaric acid in aqueous solution (Fenton, 1894). In 1934, HO
•
 was suggested 
to be the main compound responsible for the oxidative capacity of the Fenton 
reaction (Haber and Weiss, 1934). However, during the 1950s, Barb et al. 
(1949, 1951a, 1951b) reported a number of reactions, which today still 
describe the classical Fenton reaction, considered a key stage in the process of 
production of HO
•
. The mechanism proposed by Barb et al. (1951a, 1951b) 
includes the main reactions involved in the decomposition of H2O2 in 
darkness, pure acid solution and in absence of organic compounds (Rigg et al., 
1954; Pignatello et al., 2006; Polo-López et al., 2018): 
𝐹𝑒2+ +𝐻2𝑂2 → 𝐹𝑒
3+ + 𝑂𝐻− + 𝐻𝑂    (6) 
𝐹𝑒3+ +𝐻2𝑂2 → 𝐹𝑒
2+ +𝐻𝑂2
 + 𝐻+    (7) 
𝐻𝑂 +𝐻2𝑂2 → 𝐻𝑂2
 +𝐻2𝑂     (8) 
𝐻𝑂 + 𝐹𝑒2+ → 𝐹𝑒3+ + 𝑂𝐻−     (9) 
𝐹𝑒3+ +𝐻𝑂2
 → 𝐹𝑒2+ + 𝑂2 +𝐻
+  pH 3    (10) 
𝐹𝑒2+ +𝐻𝑂2
 +𝐻+ → 𝐹𝑒3+ +𝐻2𝑂2 pH 3   (11) 
𝐻𝑂2
 +𝐻𝑂2
 → 𝐻2𝑂2      (12) 
In the absence of other oxidizing agent, the reaction involves the conversion of 
H2O2 to molecular oxygen (O2) and water catalysed by iron (reaction 13). 
2𝐻2𝑂2
𝐹𝑒
→ 𝑂2 +𝐻2𝑂      (13) 
Generation of HO
•
 during the Fenton reaction is limited because reaction 
7 is extremely slow relative to reaction 6. However, in the 1990s, it was shown 
that the process can be accelerated by irradiation with UV or visible light, and 
this was investigated as a novel method for water treatment (Bauer, 1994; 
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Oppenländer, 2003). This process, known as photo-Fenton, leads to much 
faster rates of generation of HO
•
 and therefore a higher degree of oxidation 
than the Fenton reaction in darkness (Polo-López et al., 2018). Briefly, when 
the Fe
3+
 aqua complexes are irradiated at wavelengths below 580 nm, these 
complexes are reduced to Fe
2+
 complexes (reaction 10), generating an extra 
HO
•
 and enabling the iron cycle to restart, thus increasing the efficiency of the 
process (Pignatello et al., 2006). 
𝐹𝑒3+(𝐿)𝑛 + ℎ𝑣 → 𝐹𝑒
2+(𝐿)𝑛−1 + 𝐿𝑜𝑥
     (14) 
This reaction is beneficial for the photo-Fenton process as reduced iron can 
react with H2O2 to produce more HO
•
 (reaction 6). However, generation of the 
radical by reaction 6 produces large stoichiometric quantities of Fe
3+
 that 
precipitate as ferric oxyhydroxides when the pH varies from acid to neutral 
(the optimal pH to prevent iron precipitation is 2.8) (Tang and Huang, 1996; 
Kwon et al., 1999). The precipitation of oxyhydroxides reduces the efficiency 
of the photo-Fenton process (Pignatello et al., 2006). The Fe
3+
 complexes 










 (reaction 15). The most important iron species in the photo-
Fenton process is the Fe(OH)
2+
 complex due to the combination of a high 
coefficient of absorption and greater concentration relative to Fe
3+
 species. 
𝐹𝑒(𝑂𝐻)2+ + ℎ𝑣 → 𝐹𝑒2+ +𝐻𝑂     (15) 
Since the 1960s, use of the Fenton reaction to degrade toxic organic 
compounds in water has been investigated. However, evaluation of this 
process to inactivate waterborne pathogens only began in the last decade 
(Polo-López et al., 2018). The first demonstration of the capacity of the photo-
Fenton process to disinfect water was reported by Rincón and Pulgarin (2006). 
These authors showed that the use of low concentrations of reagent (0.3 mg/L 
of Fe and 10 mg/L of H2O2) greatly enhanced the inactivation kinetics of  
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E. coli in water (Rincón and Pulgarin, 2006). Since then, the efficiency of the 
photo-Fenton process against other pathogens and the related chemical and 
biological parameters have been investigated in several types of water 
(Giannakis et al., 2016a; Polo-López et al., 2018). 
Sciacca et al. (2010) described the benefits associated with the addition of 
H2O2 to the solar disinfection process (SODIS) for treatment of surface waters 
that contain dissolved iron salts. These authors observed that solar disinfection 
does not inactivate of Salmonella sp. after 6 hours of exposure to natural solar 
radiation, while the addition of 10 mg/L of H2O2 strongly increases the 
inactivation of bacteria. 
1.4.3 Photolysis of hydrogen peroxide 
Hydrogen peroxide is an oxidant that has been used as additive in AOPs 
together with ozone, UV-C radiation, TiO2 and the photo-Fenton process 
(Malato et al., 2009). Irradiation of H2O2 with photons of wavelength less than 
300 nm generates photolysis of H2O2, producing two molecules of HO
•
 
(reaction 16) (Malato et al., 2009; Gassie et al., 2016). 
𝐻2𝑂2 + ℎ𝑣 → 2𝐻𝑂
      (16) 
The first evidence of the lethal synergistic effect between H2O2 and solar 
radiation was described for the bacteriophage T7 (Ananthaswamy and 
Eisenstark, 1976, 1977; Ananthaswamy et al., 1979) and subsequently for  
E. coli k12 (Hartman and Eisenstark, 1980). Although the germicide 
mechanism is not known, different authors suggest that the increase in 
oxidative stress cannot be controlled by the enzymatic mechanisms of the 
microorganisms. Rincón and Pulgarin (2006) demonstrated the inactivation of 
E. coli by H2O2 and UV-A radiation, which was increased in the presence of 
iron salts. In addition, Spuhler et al. (2010) showed the bactericidal effect of 
the combination of H2O2 and simulated solar radiation, demonstrating the 
inactivation of E. coli at a concentration of 10 mg/L of H2O2. 
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Moreover, Sichel et al. (2009) proved, for the first time, the lethal 
synergistic effect of low concentrations of H2O2 (≤5 mg/L) and solar natural 
radiation for inactivating Fusarium solani spores. Finally, Polo-López et al. 
(2011) showed the fungicidal capacity of the combination of H2O2 (10 mg/L) 
and natural solar radiation against Fusarium equiseti spores in different types 
of water (distilled water, well water and simulated wastewater treatment plant 
effluent) in borosilicate glass bottles and solar reactors fitted with compound 
parabolic collectors. 
1.4.4 Ultrasound irradiation 
Ultrasound comprises sound waves of frequency above the threshold 
perceived by the human ear (20-20,000 Hz), in a range from 20 kHz to  
20 MHz (Quesada Peñate, 2009). The waves are generated by mechanical or 
electrical energy in an ultrasonic transductor and can be classified into 
different categories depending on their frequency and intensity. Low 
frequency ultrasound ranges from 20 to 100 kHz, whereas high frequency 
ultrasound ranges from 100 kHz to 1 MHz. On the other hand, low intensity 
ultrasound generates power of less than one watt. However, high intensity 
ultrasound is capable of generating tens of watts (Van der Walt, 2002). 
For more than one hundred years, ultrasound technology has been used 
for numerous applications in several fields: i) synthesis and chemical 
processing (reducing/increasing the time and the yield of chemical reactions to 
increase the paths of reaction and the efficacy of catalyst, chemical of 
polymers, solid-liquid extraction and crystallization); ii) the oil industry (for 
refining fossil fuels, determinating the composition and extraction of coal 
tars); iii) the textile industry (improving the efficiency of dyeing techniques); 
iv) medicine (diagnostic techniques); v) the naval industry (cleaning and 
detection of structural defects in the hulls of ships); vi) biotechnology (in 
cellular lysis and release of intracellular compounds); and, vii) water treatment 
(degradation of emerging chemical pollutants, water disinfection, 
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homogenization of sludge) (Thompson and Doraiswamy, 1999; Ashokkumar 
et al., 2003; Piyasena et al., 2003; Antoniadis et al., 2007; Olvera et al., 2008; 
Drakopoulou et al., 2009; Wang et al., 2011). 
The several applications of the ultrasound are based on the phenomenon 
of acoustic cavitation, which has physical, mechanical and chemical effects on 
solids as well as in aqueous solutions. In the latter media, the cavitation 
phenomenon can be differentiated in three successive phases: the first phase 
consists of the process of nucleation, in which a cavitation core is generated 
from microbubbles trapped in microfractures of the particles suspended in the 
aqueous solution; in the second phase, the microbubbles grow and expand 
depending on the intensity of the sound wave; and, in the final phase of the 
cavitation process, the microbubbles collapse, although only if the intensity of 
sound wave exceeds the threshold of acoustic cavitation (usually a few watts 
per square centimetre at 20 kHz). Under these conditions, the microbubbles 
expand until they cannot absorb more energy and implode violently. In this 
phase of collapse, extreme temperature and pressure values are reached,  
so that the gas trapped inside the microbubble is submitted to molecular 
fraction, the phenomenon on which sonochemistry is based (Figure 4) (Ince et 
al., 2001; Zupanc et al., 2019). 
The collapse of microbubbles can be explained by the ‘hot spot’ theory, 
which establishes that microbubbles collapse so quickly that the process is 
adiabatic, i.e. no heat exchange occurs with the medium. Consequently, the 
temperature and the pressure registered inside the microbubbles during the 
collapse can reached extremely high values of up to 3900-5000 ºC and  
200-500 atm, respectively. The hot spot generated by the rapid collapse of the 
acoustic cavities is produced in a short period of time, and the diameter of the 




Figure 4. Representative diagram of the successive phases of the cavitation phenomenon. 
A, ultrasound irradiation of aqueous solution; B, core and growth phase of microbubbles of cavitation;  
C, hot core gas, site where extreme values of temperature and pressure are reached; D, interphase or middle 
region, where a temperature gradient occurs; E, aqueous dissolution, with ambient temperature and 
atmospheric pressure values; and, F, collapse of cavitation microbubble. , half-life of microbubbles of 
cavitation. 
The extreme conditions that occur during the collapse of the 
microbubbles have catalytic effects that lead to various sonochemical 
reactions. Thus, in pure aqueous systems and as a consequence of the 
fragmentation of water molecules in gaseous phase, ROS are generated, in 
combination with H2O2 and O3, as shown in reactions 17-29 (Ince et al., 2001; 
Adewuyi, 2005). 
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𝐻2𝑂 + 𝑢𝑙𝑡𝑟𝑎𝑠𝑜𝑢𝑛𝑑 → 𝐻
 +𝐻𝑂     (17) 
𝐻𝑂 + 𝑂𝐻 → 𝐻2𝑂 + 𝑂
      (18) 
𝐻𝑂 +𝐻2𝑂 → 𝐻2𝑂2 + 𝑂
      (19) 
𝐻 +𝐻𝑂 → 𝐻2𝑂       (20) 
𝐻 +𝐻 → 𝐻2       (21) 
𝑂 + 𝑂 → 𝑂2       (22) 
𝐻𝑂 +𝐻𝑂 → 𝐻2 + 𝑂2      (23) 
𝐻𝑂 +𝐻𝑂 → 𝐻2𝑂2      (24) 
𝐻 + 𝑂2 → 𝐻𝑂2
       (25) 
𝐻𝑂2
 +𝐻 → 𝐻2𝑂2      (26) 
𝐻𝑂2
 +𝐻𝑂2
 → 𝐻2𝑂2 +𝑂2      (27) 
𝑂2 → 2
𝑂        (28) 
𝑂2 + 𝑂
 → 𝑂3       (29) 
The radicals generated react with each other to form new molecules and 
radicals or they diffuse into the medium, acting as oxidants. In aqueous 





 by fragmentation of the water molecules and 
can also generate inorganic radicals (Ince et al., 2001). The production of free 
radicals and H2O2 depends on the frequency and intensity of the ultrasound 
irradiation, the properties of aqueous solution and the nature of dissolved gas 
(Van der Walt, 2002). 
Water treatments based on ultrasound technology have been investigated 
in relation to the inactivation of different microorganisms using different 
frequencies and power levels. Using high frequency ultrasonic equipment 
(maximum 20 kHz), Gao et al. (2014) inactivated up to 90% of Enterobacter 
aerogenes at power levels of 4, 8 and 12 W after respectively 45, 14 and  
11 minutes. However, the yeast species Aureobasidium polluans needed 
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longer exposure times to achieve the same level of inactivation at power levels 
of 4, 8, 10 and 12 W after 364, 92, 26 and 23 minutes, respectively (Gao et al., 
2014). Furthermore, at the same frequency of 20 kHz, the inactivation rates for 
E. coli and S. aureus were 98.140.89% and 91.681.06%, respectively, after 
20 minutes at 60 W/cm
2
 (Li et al., 2016). 
1.5 Guidelines and regulations for water reuse 
Water reclamation strategies take into consideration efforts to minimize 
environmental and health risks that require high-level guidance based on a 
majority consensus (Alcalde-Sanz and Gawlik, 2014). Thus, in order to ensure 
safe and efficient consideration of wastewater reclamation, recycling and 
reuse, strong and effective legislation on water reuse is required (Thakur and 
Kabo-bah, 2016). In this way, several international and national organizations 
have developed guidelines or regulations for water reuse (Tables 2-4) (Ayers 





Table 2. Water reuse guidelines developed by international organizations. 
Organization Guidelines (year of publication) 
Food and Agriculture Organization of United 
Nations (FAO) 
Water quality for agriculture (1994) 
  United Nations Environment Programme (UNEP) Guidelines for municipal wastewater reuse in the 
Mediterranean region (2005) 
  World Health Organization (WHO) Guidelines for the safe use of wastewater, excreta 
and greywater (2006) 






Table 3. Several criteria and guidelines for water reuse in non-European Countries. 
Country Guidelines (year of publication) 
United States 
of America 
Guidelines for water reuse (2012) 
  Australia Guidelines for water recycling: managing health and environmental risks (2006) 
  Canada Canadian guidelines for domestic reclaimed water for use in toilet and urinal flushing 
(2010) 
  China National reclaimed water quality standards (GB/T 18920-2002, GB/T 18921-2002, 
GB/T 19923-2005, GB/T 19772-2005 and, GB 20922-2007) 
  Israel Effluent irrigation disposal (2005) 
  Japan Report of the microbial water quality project on treated sewage and reclaimed 
wastewater (2008) 
  Jordan Jordanian technical base n. 893/2006 from Jordan water reuse management Plan (2006) 
  Mexico Mexican Standards NOM-001-ECOL-1996 governing wastewater reuse in Agriculture 
(1996) 
  South Africa The South Africa guide for the permissible utilization and disposal of treated effluent 
(1978) 
  Tunisia Standard for use of treated wastewater in agriculture (NT 106-109 of 1989) and list of 
crops that can be irrigated with treated wastewater (1994) 
  Turkey Water Pollution Control Regulations (1991) 
Source: Alcalde-Sanz and Gawlik (2014) 
Table 4. Most representative legislation on water reuse in European Union Members States. 
Country Legislation 
Cyprus Law 106 (I)/2002, control of the water and soil pollution and associated regulations: 
KDP 407/2002, 772/2003, and 269/2005, KD 379/2015. The Ministry of Agriculture, 
Natural Resources and Environment, and Water development Department. 
  France Decree from 2 August 2010, use of water from treated urban wastewater for irrigation 
of crops and green areas (amended in 2014 - JORF num. 0153 of 4 July 2014). The 
Ministry of Public Health; Agriculture, Food and Fisheries; and Energy and 
Sustainability. 
  Greece Joint Ministerial Decree 14516/11 or CMD No 145116, measures, limits and 
procedures for reuse of treated wastewater. The Ministry of Environment and Energy 
and Climate Change. 
  Italy Ministry Decree 185/2003, technical measures for reuse of wastewater. The Ministry of 
Environment; Agriculture; and Public Health. 
  Portugal Standard NP 4434, reuse of reclaimed urban water for irrigation. The Portuguese 
Institute for Quality. 
  Spain Royal Decree 1620/2007, legal framework for the reuse of treated wastewater. The 
Ministry of Environment; Agriculture, Food and Fisheries, and Health. 
Source: Alcalde-Sanz and Gawlik (2014, 2017) 
Introduction 
28 
The available guidelines are very well structured and provide information 
on several aspects of water reuse such as permitted uses, treatments, quality 
requirements, water and environmental monitoring, on-site preventive 
measures and communication strategies. Nevertheless, most regulations are 
limited regarding the necessary water quality for different end uses, and some 
regulations written years ago should be updated in order to reflect the current 
water crisis, while also considering current technologies (Alcalde-Sanz and 
Gawlik, 2017). 
The WHO was the first organization to recognize the potential risks 
involved in the use of untreated wastewater and to develop guidelines for 
policy makers to legislate the safe use of wastewater for agriculture and 
aquaculture (WHO, 1989, 2006b). These standards were adopted by several 
countries in order to make their own regulations, especially developed 
countries (WHO, 2006a, 2006b, 2006c, 2006d; Alcalde-Sanz and Gawlik, 
2017). 
Australia has a long experience in water reuse, as it is one of the driest 
inhabited continents on the Earth. As water consumption rates are considered 
unsustainable either because they exceed or are close to extraction limits 
(Thakur and Kabo-bah, 2016), the country has begun to shift its focus of water 
management towards seeking new strategies for the use of wastewater. The 
Australian government developed guidelines for water recycling based on risk 
management framework following the WHO guidelines, providing a generic 
framework for management of reclaimed water quality and uses that applies to 
all combinations of reclaimed water and end uses (includes agricultural 
irrigation and aquifer recharge) (Alcalde-Sanz and Gawlik, 2017). However, 
most of the Australian states have their own regulations for the reuse of treated 
wastewater (Alcalde-Sanz and Gawlik, 2014, 2017) (see Tables 2 and 3). 
In USA, the regulations on water reuse have been developed in the 
different states and the underlying objectives of regulations and guidelines 
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vary considerably from state to state. Arizona, California, Florida and 
Washington have developed the most comprehensive regulations or guidelines 
that specify the water quality requirements and/or treatment process, for the 
full spectrum of reuse applications, which aim to maximize the benefits of 
reclaimed water while protecting environmental and public health. As there 
are no federal regulations on practices for the reuse of treated wastewater, in 
2004, the United States Environmental Protection Agency (USEPA) 
elaborated the national guidelines for water reuse, which include a wide range 
of reuse applications, following a similar approach to that used in the WHO 
guidelines and the Australian guidelines (Natural Resource Management 
Ministerial Council - Environment Protection and Heritage Council - 
Australian Health Ministers Conference [NRMMC-EPHC-AHMC], 2006; 
USEPA, 2012; Alcalde-Sanz and Gawlik, 2017). 
At European Union (EU) level, there are no explicit guidelines or 
regulations on wastewater reuse (European Union and the Committee of the 
Regions, 2018); however, article 12 of the wastewater Directive 91/271/EEC 
states that ‘treated wastewater shall be reused whenever appropriate’ and 
‘disposal routes shall minimize the adverse effects on the environment’ 
(Directive 91/271/ECC of European Parliament and of the Council of 21 May 
1991). The Water Framework Directive (2000/60/EC) mentions water reuse as 
a possible supplementary measure, in order to provide additional protection or 
improvement of the waters (Directive 2000/60/EC of European Parliament and 
of the Council of 23 October 2000). In May 2018, a Proposal for a Regulation 
of the European Parliament and of the Council on the minimum requirements 
for water reuse in agricultural irrigation was submitted (2018/0169/COD). 
However, several Member States have developed their own water reuse 
regulations and recommendations: Cyprus (Law 106 (I)/2002), France (Decree 
from 2 August, 2010), Greece (Joint Ministerial Decree 14516/11), Italy 
(Ministry Decree 185/2003), Portugal (Standard NP 4434) and Spain (Royal 
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Decree 1620/2007) (see Table 4). All of these are based on the previously 
mentioned reference guidelines and regulations, including several 
modifications for some uses. Although, the different regulations are not 
homogeneous, they all consider the following criteria: intended uses, 
analytical parameters, maximum limit value permitted for each parameter, 
monitoring protocols and additional preventive measures for protection of the 
environment and health (Alcalde-Sanz and Gawlik, 2014; Paranychianakis et 
al., 2015; 2017) (Table 5). 
Table 5. Main applications of reclaimed water included in the legislation of European Union 
Members States. 
Category of use Types of use 
Urban Irrigation of private gardens; landscape irrigation of urban areas; street 
cleaning; fire hydrants; and supply to sanitary appliances. 
  Agricultural Irrigation of crops eaten raw or not eaten raw; irrigation of pastures for milk 
or meat producing animals; and irrigation of trees without contact of 
reclaimed water with fruit for human consumption; and aquaculture. 
  Industrial Industrial washing of vehicles; cooling towers and evaporative condensers; 
and soil compaction. 
  Recreational Irrigation of golf course. 
  Environmental Maintenance of wetlands; minimum stream flows and similar; and 
silviculture. 
Spain presents the most comprehensive legislation and includes the 
greatest number of permitted uses: urban, agricultural, industrial, recreational 
and environmental (Royal Decree 1620/2007). In addition, the Spanish 
legislation forbids the use of the reclaimed water for human consumption, 
food industry, hospital facilities, cultivation of filter feeding molluscs in 
aquaculture, bathing water, cooling towers and evaporative condensers, and 
fountains in public spaces. In this respect, Royal Decree 1620/2007 of  
7 December establishes the legal framework for the reuse of wastewater, and 
defines the reclaimed water as ‘treated wastewater that, in its case, has been 
submitted to additional or complementary treatment processess which permit 
to adapt its quality at intended use’. Moreover, the proposed regulation 
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2018/0169/COD presented in 2018 to the European Parliament and the 
Council also describe reclaimed water as: ‘waste water that has been treated in 
compliance with the requirements set out in Directive 91/271/EEC and which 
results from further treatment in a reclamation plant’. 
The physico-chemical parameters that are usually contemplated in the 
regulations for reclaimed water include biological oxygen demand (BOD5), 
total suspended solids (TSS) and turbidity. However, other parameters should 
also be controlled, such as the total phosphorus and nitrogen, total organic 
carbon (TOC) and residual chlorine, although monitoring is only carried out 
for certain types of intended uses and some regulations (Alcalde-Sanz and 
Gawlik, 2014, 2017; European Union and the Committee of the Regions, 
2018) (Table 6). 
Table 6. Microbiological and physico-chemical parameters included in legislation for reclaimed 
water in European Union Members States. 
Type of parameter Analytical parameters 
  Microbiological Escherichia coli; faecal coliforms; total coliforms; faecal enterococci; 
Legionella sp.; Salmonella sp.; sulphate-reducing bacteria; helminth eggs; 
and F-specific bacteriophages. 
  Physico-chemical Total suspended solids (TSS); turbidity; biochemical oxygen demand 
(BOD5); chemical oxygen demand (COD); pH; heavy metals and 
metalloids; electrical conductivity; total dissolved solids (TDS); sodium 
adsorption ratio; chlorine (Cl and Chlorides); nitrogen forms (total, N-NO3, 
N-NH4); total phosphorus; bicarbonate (HCO3); and toxic substances 
including priority substances. 
On the other hand, due to the potential transmission of infectious 
diseases, the microbiological parameters are the most important for human and 
animal health (Table 7). All regulations established by EU Members States 
include a bacterial indicator to evaluate the quality of reclaimed water: E. coli, 
faecal coliforms, total coliforms, and total enterococci. Moreover, Spanish 
legislation requires analysis to detect Legionella, if there is a risk of water 
aerosolisation, and Salmonella sp. in water destined for irrigating crops for 
human or animal consumption and use in the food industry when E. coli 
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counts are above the maximum limit. As compulsory parameters, Italian 
regulations include detection of Salmonella for all intended uses and the 
Spanish, Cypriot and Portuguese requirements contemplate the determination 
or helminth eggs or intestinal nematode eggs for most intended uses. 
Furthermore, the French regulations consider the presence of pathogenic 
viruses and protozoan parasites in reclaimed water by including the detection 
of indicators of viral and protozoan parasites (Table 6) (Ministry Decree 
185/2003; Standard NP 4434; Royal Decree 1620/2007; Decree from  
2 August, 2010). The microbiological parameters for water reuse established 
by Spanish Royal Decree 1620/2007, the future European Proposal for 
Regulation for water reuse in agriculture 2018/0169 (COD), and the WHO 
(2006a, 2006b) guidelines for the safe use of wastewater, excreta and 







Table 7. Some pathogenic microorganisms and concentrations detected in raw sewage. 
Pathogen Disease 
Concentration 
(number per litre)* 
    
Bacteria 




Enterococci Endocarditis, urinary 
and intra-abdominal 
infections, prostatitis, 
cellulitis and wound 
infections, as well as 
concurrent bacteramia 
106-107 
Shigella spp. Dysentery 10-104 









Necrotic enteritis or gas 
gangrene 
105-106 








respiratory illness, eye 
infections 
10-104 
Norovirus Gastroenteritis 10-104 
Rotavirus Gastroenteritis 102-105 
    
Protozoan and 
helminths 
Cryptosporidium spp. Cryptosporidiosis 0-104 
Giardia duodenalis Giardiosis 102-105 
Taenia spp. Taeniosis/Cysticercosis 0-104 
Ascaris lumbricoides Ascariosis 0-104 
Trichuris trichiura Trichurosis 0-104 
*Bacteria, colony forming units (CFU); viruses, plaque forming units (PFU); protozoa, oo/cysts; helminths, eggs. 
























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































2 CRYPTOSPORIDIUM AND CRYPTOSPORIDIOSIS 
2.1 The genus Cryptosporidium 
The genus Cryptosporidium was first described in 1907 by Ernest 
Edward Tyzzer, who frequently observed developing forms of this protozoan 
parasite in the gastric glands of common mice (Mus musculus). The parasite 
was designated Cryptosporidium muris (Tyzzer, 1907, 1910). A new species 
described in 1912 by Tyzzer and named C. parvum differed from the first 
species in the location inside the host and in the morphology of the oocyst 
(Tyzzer, 1912). In 1955, the species Cryptosporidium meleagridis was 
observed in turkeys (Meleagris gallopavo) and was associated with illness 
and death of the birds (Slavin, 1955). In the 1970s, Cryptosporidium began 
to be considered of veterinary importance when this parasite was associated 
with infections in cattle (Panciera et al., 1971). Moreover, in 1976, the first 
cases of human cryptosporidiosis were diagnosed in a 3 year-old child and a 
39 year-old immunosuppressed patient (Meisel et al., 1976; Nime et al., 
1976). Although human cases of cryptosporidiosis continued to be reported 
in the following years, they only attracted medical interest when many cases 
of severe diarrhoea caused by Cryptosporidium were described in patients 
with acquired immune deficiency syndrome (AIDS) (Anonymous, 1982). 
However, it was not until 1993, after a massive waterborne outbreak in 
Milwaukee (USA), with 403,000 people infected, when the importance of 
Cryptosporidium in public health was recognized, and it was no longer 
considered exclusively as an opportunistic pathogen (Mac Kenzie et al., 
1994). 
2.2 Biology 
Cryptosporidium has a complex and monoxenous life cycle that 
completes in a single host (sexual and asexual reproduction) (Current and 
Garcia, 1991; Bouzid et al., 2013) (Figure 5). Infection is initiated by the 
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ingestion of sporulated oocysts, which contain four sporozoites. The 
sporozoites are released through a suture in the oocyst wall due to the response 
to body temperature, gastric acids, trypsin and biliary salts. Infectious 
sporozoites then attach to the apical surface of epithelia cells where they are 
internalized within the cell plasmalemma by an active invasion mechanism 
until they become enclosed within a parasitophorous vacuole (PV).  
In this intracellular but extracytoplasmic location, the parasite develops 
into spherical trophozoites, which undergo asexual replication (merogony) to 
produce type I meronts containing 6-8 merozoites. When the PV breaks, type I 
merozoites are released and can infect adjacent cells, where they undergo 
asexual multiplication to produce additional type I meronts, or type II meronts, 
which contain 4 merozoites. Upon infecting new host cells, type II merozoites 
differentiate to microgamonts or macrogamonts (O'Donoghue, 1995; Tzipori 
and Griffiths, 1998). Each microgamont becomes multinucleate and each 
nucleus is incorporated into a microgamete. Microgametes are released and 
fertilize the quiescent macrogamete. Fertilization produce a zygote, which 
undergoing meiosis to produces four sporozoites. The sporulated oocysts are 
released to the intestinal lumen as thin-walled oocysts of only a single layer 
membrane or a thick-walled oocysts with two-layered membranes (Bouzid et 
al., 2013). The thin-walled oocysts (approximately 20%) excyst inside the 
same host and enable maintenance of the infection, obviating the need for a 
new oral infection (Tzipori and Ward, 2002). However, 80% of the thick-
walled oocysts are released with the faeces and, as these are environmentally 
resistant forms, they are responsible for the transmission of infection from one 
host to the other. In the life cycle of Cryptosporidium, the existence of thin-
walled oocysts led to autoinfection phenomena whereby acute diarrhoea is 





Figure 5. Schematic representation of life cycle of Cryptosporidium species (created by 
Guillermo Varela Iglesias) 
2.3 Taxonomy 
The genus Cryptosporidium was traditionally included in the order 
Eucoccidioria, class Coccidia, within the phylum Apicomplexa (Levine, 
1984). However, biochemical and genetic data indicate that Cryptosporidium 
differs from the other organisms of the phylum Aplicomplexa in several 
characteristics. In addition, from a phylogenetic point of view, it has some 
features that are more closely related to gregarines than to coccidian 














Ryan and Hijjawi, 2015): i) the intracellular but extracytoplasmic location of 
the endogenous developmental stages on the apical surfaces of the host cell 
(Thompson et al., 2005; Karanis and Aldeyarbi, 2011); ii) attachment of the 
parasite to the host cell by a multi-membranous feeder organelle situated at 
the base of the PV which facilitates the uptake of nutrients from the host cell 
(Huang et al., 2004); iii) the existence of two different morpho-functional 
types of oocysts (Karanis and Aldeyarbi, 2011); iv) the spherical shape and 
small size of the oocysts (3-8 μm depending on the species), which lack 
morphological structures such as sporocysts, micropyle and polar granules 
(Tzipori and Widmer, 2000; Petry, 2004); v) resistance to anti-coccidial 
agents tested to date (Blagburn and Soave, 1997; Cabada and White, 2010); 
vi) cross-reaction between anti-cryptosporidial monoclonal antibodies and 
gregarines (Bull et al., 1998); and, vii) observation of the presence of novel 
gamont-like extracellular stages similar to those found in gregarine life 
cycles (Rosales et al., 2005; Aldeyarbi and Karanis, 2016). 
Therefore, taking into account the similarities between the species of 
Cryptosporidium and the gregarine parasites, various researchers have 
suggested that cryptosporidia may represent a ‘lost link’ between the more 
primitive gregarines and coccidians. A new classification was therefore 
proposed for the genus Cryptosporidium in the subclass Cryptogregaria, 
which comprises epicellular parasites of vertebrates possessing a gregarine-
like feeder organelle but lacking an apicoplast organelle (Carreno et al., 
1999; Hijjawi et al., 2002; Cavalier-Smith, 2014; Ryan et al., 2016). 
Consequently, Cryptosporidium is officially considered a gregarine 
according to the International Code of Zoological Nomenclature (ICZN) 
(Ryan et al., 2016). 
In recent decades, the number of species described as belonging to genus 
Cryptosporidium has increased considerably. In order to clarify the confusing 
taxonomy of the species of the genus Cryptosporidium and validate new 
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species, minimum requirements have been proposed. New species of 
Cryptosporidium are named on basis of several parameters: i) morphometric 
studies of the oocyst; ii) genetic characterization with sequence information 
deposited in the GenBank

 database; iii) demonstration of natural and, 
whenever feasible, at least some experimental host specificity; and,  
iv) compliance with ICZN (Xiao et al., 2004; Jirků et al., 2008; Cacciò and 
Widmer, 2014; Ryan et al., 2014). Currently, 39 species of Cryptosporidium 
which meet these requirements have been formally designated and are 
therefore considered valid (Table 9). More than 70 genotypes have also been 
described, and further morphological and biological characterization for 
recognizing them as separate species are required (Ryan et al., 2014; 
Holubová et al., 2016; Couso-Pérez et al., 2018, 2019; Chalmers et al., 2018). 
2.4 Human cryptosporidiosis 
Cryptosporidiosis is a common disease that represents a public health 
problem worldwide, producing high morbidity and mortality in developing 
countries and immunocompromised patients. Due to the impact of this disease 
on the socio-economic development of some countries, in 2004 the WHO 
included cryptosporidiosis in the Neglected Diseases Initiative (Savioli et al., 
2006). Clinical manifestations of human infection depend on the immune 
status of individuals, and three categories have been established: acute or self-
limiting, chronic and fulminant disease (Warren and Guerrant, 2007). 
Acute and self-limiting cryptosporidiosis is the most frequent clinic 
disease in immunocompetent people. The incubation period is usually  
4-7 days, after which the clinical presentations include acute diarrhoea during 
a maximum of 7 days and 8-20 faecal depositions daily. However, oocysts 
may be excreted for up to one month after remission of the symptoms. The 
hallmark of infection is watery diarrhoea, but the parasite can cause other 
symptoms such as malaise or fatigue, abdominal pain, anorexia and low-grade 
fever (Chappell et al., 2003; Ryan and Hijjawi, 2015).  
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Chronic cryptosporidiosis usually reported in immunocompromised 
patients and people suffering malnutrition (Blanshard et al., 1992; Cárcamo et 
al., 2005). The clinical manifestations are also characterized by watery 
diarrhoea, nausea, vomiting, headaches, anorexia, fever and weight loss. 
Cryptosporidiosis is considered one of the original AIDS- defining illnesses 
due to its high association with mortality in this group of patients (Colford et 
al., 1996; Hunter and Nichols, 2002). 
Fulminant infection has only been described in AIDS patients or patients 
with drug-induced immunosuppression. In these cases, the illness presents as a 
‘cholera-like’ syndrome that can cause the death of the patient by hypovolemic 
shock (Hunter and Nichols, 2002). 
2.4.1 Treatment 
Widespread prophylactic and therapeutic treatment options for 
cryptosporidiosis remain limited. In the last three decades, several treatment 
strategies have been proposed. However, although almost one thousand 
chemotherapeutic agents have been evaluated, none of these therapies were 
able to clear the infection (Mead and Arrowood, 2014). Despite, the 
identification of a number of candidate drug targets, which are currently under 
evaluation, none of these has advanced to clinical trials (Sparks et al., 2015). 
This is of particular concern, considering the benefits that an available 
treatment will have for risk groups, i.e. children, the elderly and 
immunocompromised individuals, including organ transplant recipients, 
patients undergoing cancer chemotherapy, patients with congenital or induced 
immunodeficiency, and especially people infected by human 





Table 9. Species of Cryptosporidium currently recognized. 
Species Major host 
Anatomical 
location/ Site of 
infection 
References 
    
Cryptosporidium muris Rodents Gastric Tyzzer (1907; 1910) 
    
Cryptosporidium parvum Ruminants Intestinal Tyzzer (1912) 
    
Cryptosporidium meleagridis Birds and humans Intestinal Slavin (1955) 
    
Cryptosporidium wrairi Guinea pigs Intestinal Vetterling et al. (1971) 
    
Cryptosporidium felis Felines Intestinal Iseki (1979) 
    
Cryptosporidium cuniculus Rabbits Intestinal 
Inman and Takeuchi 
(1979) 
    
Cryptosporidium serpentis Snakes and lizards Gastric Levine (1980) 
    
Cryptosporidium baileyi Birds Intestinal Current et al. (1986) 
    
Cryptosporidium varanii Lizards Gastric Pavlásek et al. (1995) 
    




    
Cryptosporidium andersoni Cattle Gastric Lindsay et al. (2000) 
    
Cryptosporidium canis Dogs Intestinal Fayer et al. (2001) 
    
Cryptosporidium molnari Fish Gastric 
Álvarez-Pellitero and 
Sitjà-Bobadilla (2002) 
    
Cryptosporidium hominis Humans Intestinal 
Morgan‐Ryan et al. 
(2002) 
    
Cryptosporidium suis Pigs Intestinal Ryan et al. (2004) 
    
Cryptosporidium bovis Cattle Unknown Fayer et al. (2005) 
    
Cryptosporidium fayeri Marsupials Intestinal Ryan et al. (2008) 
    
Cryptosporidium fragile Toads Gastric Jirků et al. (2008) 
    
Cryptosporidium macropodum Marsupials Intestinal Power and Ryan (2008) 
    
Cryptosporidium ryanae Cattle Unknown Fayer et al. (2008) 
    
Cryptosporidium xiaoi Sheep and goats Unknown 
Fayer and Santín 
(2009) 




Intestinal Fayer et al. (2010) 
    
Cryptosporidium tyzzeri Rodents Intestinal Ren et al. (2012) 
    
Cryptosporidium viatorum Humans Intestinal Elwin et al. (2012a) 
    
Cryptosporidium scrofarum Pigs Intestinal Kváč et al. (2013) 
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Table 9. (Continued) 
Species Major host 
Anatomical 
location/ Site of 
infection 
References 




Intestinal Kváč et al. (2014) 
    
Cryptosporidium rubeyi Squirrels Intestinal Li et al. (2015) 
    
Cryptosporidium huwi Fish Gastric Ryan et al. (2015) 
    
Cryptosporidium avium Birds Intestinal Holubová et al. (2016) 
    
Cryptosporidium proliferans Rodents Gastric Kváč et al. (2016) 
    
Cryptosporidium testudinis Tortoises Intestinal Ježková et al. (2016) 
    
Cryptosporidium ducismarci Tortoises Intestinal Ježková et al. (2016) 
    
Cryptosporidium homai Guinea pigs Intestinal Zahedi et al. (2017) 
    
Cryptosporidium apodemi Rodents Intestinal Čondlová et al. (2018) 
    
Cryptosporidium ditrichi Rodents Intestinal Čondlová et al. (2018) 
    
Cryptosporidium occultus Rodents Intestinal Kváč et al. (2018) 
    
Cryptosporidium alticolis Rodents Intestinal 
Horčičková et al. 
(2019) 
    
Cryptosporidium microti Rodents Intestinal 
Horčičková et al. 
(2019) 
    
Cryptosporidium proventriculi Birds 
Proventriculus and 
ventriculus 
Holubová et al. (2019) 
Currently, only one drug, nitazoxanide (NTZ) (Alinia, Romark 
Laboratories), a thiazoline compound with broad antiparasitic activity, has 
been approved by the USA Food and Drug Administration (FDA) for 
treatment of cryptosporidiosis in children and immunocompetent patients. 
However, the drug is considered ineffective in immunocompromised patients 
(the results obtained are no better than the corresponding result observed using 
a placebo) and malnourished children (positive response in approximately half 
of treated patients) (Abubakar et al., 2007; Anderson and Curran, 2007; 
Imboden et al., 2010; Cacciò and Chalmers, 2016; Chavez and White, 2018; 
Khan et al., 2018). In Europe, NTZ is not licenced for the treatment of human 
cryptosporidiosis (Cacciò and Chalmers, 2016). 
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The ineffectiveness of chemotherapeutic agents against Cryptosporidium 
is due to the high resistance of this protozoan enteropathogen to anti-parasitic 
drugs and related to several factors: i) lack of specific targets or differences in 
targets either at molecular or structural levels relative to the host;  
ii) differences in biochemical pathways; iii) the parasite´s unique location in 
the host cell, which may affect drug concentration; and, iv) the existence of 
transport proteins or efflux pumps that move drugs out of the parasite to the 
lumen or back into the host (Mead and Arrowood, 2014). In addition, the main 
limitation that hinders progress in the discovery and development of new anti-
parasitic therapeutics against Cryptosporidium is the lack of systems for 
continuous in vitro culture, cryopreservation of the parasite, adequate animal 
models and tools for manipulation of the parasite genome (Cacciò and 
Widmer, 2014). 
Nonetheless, new drugs based on metabolic pathways of 
Cryptosporidium are being investigated, including the enzyme inosine-5´-
monophosphate dehydrogenase (conversion of adenosine into guanine) 
(Umejiego et al., 2008; Jefferies et al., 2015); calcium-dependent protein 
kinase (essential for host cell invasion) (Murphy et al., 2010a, 2010b); and, 
clan CA papain-like (group of cysteine proteases important for cell invasion 
and survival) (Caffrey and Steverding, 2009; Ndao et al., 2013). The 
pyrazolopyridines are one of a promising group of drugs whose target is a lipid 
kinase PI(4)K (Manjunatha et al., 2017). In immunocompromised mice and 
neonatal calves, oral treatment with pyrazolopyridine KDU731 significantly 
reduces the parasite burden and induces rapid resolution of diarrhoea (Chavez 
and White, 2018; Khan et al., 2018). 
On the other hand, the development of vaccines against human 
cryptosporidiosis has been hampered by the lack of a reliable method for 
continuous culture of the parasites in vitro and the lack of a robust animal 
model (Vinayak et al., 2015). Numerous immunogenic antigens are 
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immunodominant in the invasive stages of C. parvum, some of which have 
demonstrated therapeutic efficacy in animal models and can therefore be used 
as vaccine candidates (Tilley et al., 1991; He et al., 2004; Ehigiator et al., 
2007; Mead and Arrowood, 2014; Khan et al., 2018). Several studies have 
also attempted to generate vaccines based on DNA immunization by inducing 
antigen specific B and T cell responses in various infection model systems 
(Tilley et al., 1991; Jenkins et al., 1995; Sagodira et al., 1999a; Sagodira et al., 
1999b; He et al., 2004). Vaccines expressing the CP15/60, CpP2 and  
CP23 genes induced an immune response that produced a reduction of 60% in 
oocyst shedding after challenge in mouse model (Mead and Arrowood, 2014). 
2.4.2 Epidemiology 
Some biological characteristics of Cryptosporidium species determine the 
general epidemiological aspects of infection: i) the small size of the oocysts 
and their low specific gravity, which facilitate their dispersion through water; 
ii) the ability to remain infectious for long periods, especially in cold and 
humid environments; iii) the high resistance to most disinfectants commonly 
used in water treatments; iv) the wide range of hosts; v) the ability to multiply 
in a single host, which eliminates, over long periods of time, large numbers of 
parasitic forms already infectious in susceptible hosts; and, vi) the low 
minimum infective dose (<10 oocysts) (Fayer, 2004; Gajadhar and Allen, 
2004; Hunter and Thompson, 2005; Smith and Nichols, 2006; Smith et al., 
2006; Thompson and Smith, 2011). 
Oocysts are transmitted among hosts by the main transmission 
mechanisms of intestinal pathogens involving multiple routes. However, 
Cryptosporidium species differ from other enteropathogens in their inability to 
multiply outside the host. The transmission routes include direct  
person-to-person, animal-to-animal and animal-to-person contact, or indirectly 




Approximately 20 Cryptosporidium species and genotypes have been 
reported to infect humans. Among these, C. parvum and C. hominis are 
identified in most cases. The species C. meleagridis is the third most important 
species and is considered an emerging parasite in some regions (Xiao, 2010). 
Other species and genotypes, such as Cryptosporidium canis, Cryptosporidium 
felis, Cryptosporidium suis, Cryptosporidium muris, Cryptosporidium 
ubiquitum, Cryptosporidium cuniculus, Cryptosporidium viatorum, 
Cryptosporidium fayeri, Cryptosporidium andersoni, Cryptosporidium bovis, 
Cryptosporidium scrofarum, Cryptosporidium xiaoi, Cryptosporidium tyzzeri, 
Cryptosporidium erinacei and the Cryptosporidium horse, skunk and 
chipmunk I genotypes have also been detected in immunocompetent and 
immunocompromised people (Xiao, 2010; Waldron et al., 2011; Elwin et al., 
2012b; Ng et al., 2012; Kváč et al., 2013; Rašková et al., 2013; Liu et al., 
2014; Khan et al., 2018). 
Cryptosporidiosis has a worldwide distribution. However, the prevalence 
is assumed to be higher in developing countries (Putignani and Menichella, 
2010). Thus, the prevalence in these countries ranged between 0 and 13.7%. 
Unussually, in developed countries, prevalence rates range from 0.3 to 54.2%, 
although this is probably because of the existence of surveillance systems for 
routine detection of Cryptosporidium (Cacciò and Putignani, 2014).  
In addition, most outbreaks of infection associated with recreational or 
drinking water have been reported in these countries (Abeywardena et al., 
2015). In this respect, 99% of the waterborne parasitic protozoan outbreaks 
occurred in New Zealand (49%), North America (41%) and in Europe (9%), 
with Cryptosporium spp. being the most common aetiological agent, as it was 




Figure 6. Diagram illustrating the routes of transmission of cryptosporidiosis. 
DWTP, drinking water treatment plant; WWTP, wastewater treatment plant. 
In the USA data provided by Centers for Disease Control and 
Prevention (CDC) related to the situation of cryptosporidiosis during 2009-
2017 showed a notable increase in the number of cases reported each year 
with an average of 12.8% per year. During the period 2009-2017,  
444 cryptosporidiosis outbreaks were reported, resulting in 7465 cases in  
40 states and Puerto Rico, in which 156 (35.1%) outbreaks were associated 
with exposure to recreational water (swimming pools and water 
playgrounds); 65 (14.6%) outbreaks were cause by contact with cattle; and 
57 (12.8%) outbreaks were originated by infected people in child care 
settings. Moreover, the highest seasonal peaks were reached during the 
summer months (July-August), coinciding with the main period of 
recreational water activities (Gharpure et al., 2019). 
In the European Union, cryptosporidiosis is a notifiable disease. During 
2016, 13,623 cases of infection were confirmed in the 21 Member States. 
The global incidence was 3.8 cases per 100,000 habitants, although there are 
significant differences in the percentages reported by the different Member 
States: from 0% in Cyprus, Lithuania, Luxembourg, Romania to 11.8% 
detected in Ireland. Moreover, 87% cases of cryptosporidiosis were reported 
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United Kingdom alone accounting for 49% of all cases. Furthermore, the 
reported data revealed that the highest incidence of infection occurred in 
children aged 0-4 years (16.3 cases per 100,000 habitants). The analysis and 
investigation carried out after outbreaks of cryptosporidiosis related the 
infection to drinking water, travel and/or exposure to recreational water as 
the main risk factors (Fournet et al., 2013; Cacciò and Chalmers, 2016).  
In this respect, the largest waterborne outbreak of cryptosporidiosis reported 
in Europe was caused by C. hominis in 2010 and affected 27,000 people in 
the Swedish city of Östersund (Widerström et al., 2014). 
In Spain, cryptosporidosis has also been a notifiable disease since 2015 
(Order SSI/445/2015), when 653 human cases were reported, with children of 
age 1-4 years being the group most commonly affected (approximately 21 per 
100,000 inhabitants). Furthermore, Cryptosporidium outbreaks were 
documented after recreational activities in swimming pools and day-care 
centres, affecting children, caregivers and tourists (Galmes et al., 2003; 
Artieda et al., 2012; Fuentes et al., 2015). 
In developing countries, Cryptosporidium is one of the top three 
pathogens causing diarrhoeal disease in children under two years old, and it is 
responsible for 30-50% of childhood mortality in these regions (Kotloff et al., 
2013). Sow et al. (2016) estimated that 2.9 million diarrhoeal cases can be 
attributed to Cryptosporidium annually in children aged <24 months in  
Sub-Saharan region, and 455,000 are deaths attributable to the disease. The 
incidence of cryptosporidiosis in moderate-to-severe cases of diarrhoea were 
estimated to be 3.48 and 1.41 per 100 child in the 0-11 and 12-23 month age 
group, respectively in Africa (Sow et al., 2016). The importance of this 
protozoan parasite has increased among vulnerable groups of malnourished 
children and immunecompromised individuals, especially children infected 
with HIV: approximately 500,000 to 700,000 new cases are identified each 
year in this region (Mahin and Peletz, 2009; Aldeyarbi et al., 2016).  
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In India/Pakistan/Bangladesh/Nepal/Afghanistan region, it was estimated that 
4.7 million cases of moderate-to severe diarrhoea can be attributed annually to 
Cryptosporidium in children <24 months, and approximately 254,000 annual 
deaths. The incidence in Asian countries of moderate-to-severe diarrhoea 
attributable to Cryptosporidium was estimated to be 3.18 and 1.36 per  
100 children in infants and toddlers, respectively (Mølbak et al., 1993; Kotloff 
et al., 2013; Striepen, 2013; Sow et al., 2016; Mahmoudi et al., 2017). 
As already mentioned, waterborne cryptosporidiosis is a globally 
emerging public health issue (Karanis et al., 2007). Several studies have 
demonstrated the presence of oocysts of Cryptosporidium spp. in different 
types of water (surface waters, drinking water, recreational waters and 
wastewater treatment plant effluents) (Hamilton et al., 2018). Water bodies 
may be directly contaminated with faecal residues from animals or indirectly 
by run-off from contaminated surfaces (Lu et al., 2011; Ahmed et al., 2013; 
Sidhu et al., 2013). Moreover, water systems may also be contaminated by 
sewage or effluents from WWTP, which treatments are insufficient to totally 
remove Cryptosporidium oocysts (Ahmed et al., 2010; Schneeberger et al., 
2015; Vermeulen et al., 2019). In this way, and taking into account that the 





 oocysts/person/year, for developing and developed 
countries, respectively, the total global human emissions were  
1.6×10
17
 oocysts/year, with the urban population being responsible of the 89% 
of emissions (Hofstra and Vermeulen, 2016). The concentration of oocysts of 
Cryptosporidium in river water was predicted using a mathematical model 





 oocysts/L worldwide. Furthermore, Hofstra and Vermeulen 
(2016) predicted an increase of up to 70% in human Cryptosporidium 
emissions, with higher concentrations of this waterborne protozoan in surface 
waters due to population growth in developing countries. 
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Cryptosporidium is also considered of vital importance in foodborne 
transmission (FAO and WHO, 2014). Thus, in 2010, this protozoan parasite, 
was responsible for 8.6 million cases of foodborne illness, 3,759 deaths and 
296,156 disability-adjusted life years. The literature describes foodborne 
outbreaks linked to the consumption of salads, unpasteurized milk, unpeeled 
carrots, fresh parsley, beef tartare, raw liver, apple cider, green onion, fruits 
and milk kefir (Robertson, 2014; Dixon, 2015; Ryan et al., 2018). These foods 
can be contaminated by irrigation of crops with faecally contaminated water, 
the application of manure to crops such as fertiliser and the use of 
contaminated water to mix pesticides or wash produce (Budu-Amoako et  
al., 2011; Iqbal et al., 2015). In Spain, lettuces and cabbages irrigated with 
contaminated water have been found to be contaminated with 
Cryptosporidium oocysts and Giardia cysts (Amorós et al., 2010). Studies in 
Costa Rica and Peru (Monge and Arias, 1996; Ortega et al., 1997) have 
demonstrated contamination of numerous raw vegetables, including basil, 
cabbage, celery, cilantro, green onions, leeks, lettuce and parsley. In Vietnam, 
Cryptosporidium oocysts and Giardia cysts have been detected found in water 
spinach, lettuce and coriander irrigated with sewage contaminated water 
(Nguyen et al., 2016). In Norway, Robertson and Gjerde (2001) detected 
Cryptosporidium oocysts and Giardia cysts in samples of water used to 
irrigate bean sprouts. Although foodborne outbreaks of cryptosporidiosis are 
extensively reported, many are never identified, and those that are recognised 






2.5 Cryptosporidiosis and climate change 
As already mentioned, climate change may affect the availability and 
quality of water due to multiple process such as the gradual increase in 
temperature, change in the seasonal patterns and increase in the frequency and 
intensity of extremely climatic events (heavy rainfall, floods and droughts) 
(Ebi et al., 2006; Semenza et al., 2012; Cann et al., 2013; Schijven et al., 
2013; Young et al., 2014). Thus, climate variability can directly affect the 
survival and dissemination of the pathogens through water, food and the 
environment (Lafferty, 2009; Rosenthal, 2009; Lal et al., 2013). In fact, 
worldwide increase in temperature of between 1.5 and 2 degrees predicted by 
the Intergovernmental Panel on Climate Change to occur by the end of the  
21
st
 century and the effects on the hydrological system due to climate change, 
have led to waterborne illness being included among the main risks to human 
health (Luber et al., 2014; Patz et al., 2014; Smith et al., 2014). All causes of 
diarrhoeal diseases have recently been positively associated with temperature 
and rainfall by different authors (Carlton et al., 2015; Levy et al., 2016). 
Furthermore, floods can increase the presence of Cryptosporidium in surface 
waters by up to 2.6 times during and after heavy rain (Young et al., 2014).  
The consequence of the increase in cryptosporidiosis due to climate change is 
clearly observed on the African continent, where climate change increases the 
variability in rainfall patterns and extreme drought and reduces freshwater 
resources. It thus also increases levels of malnutrition, which in turn 
undermines the resistance of vulnerable populations to Cryptosporidium 
infections, reducing their ability to cope with cryptosporidiosis and the 
adaptation to the climate change (Ringler et al., 2010). 
Jagai et al. (2009) provided a quantitative link between the incidence of 
cryptosporidiosis and meteorological parameters on a global scale, particularly 
in warm and wet areas of Africa. These authors confirmed an increase in the 
incidence of Cryptosporidium during warm, rainy seasons,  
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as previously reported by other authors (Adegbola et al., 1994; Newman et al., 
1999; Perch et al., 2001), and concluded that temperature and precipitation are 
significant predictors of the incidence of cryptosporidiosis, particularly in 
tropical climates. 
In a meta-analysis carried out by Lal et al. (2019), cryptosporidiosis has 
been related to local factors of precipitation and density of population. These 
researchers showed distinct spatio-temporal patterns of the disease in regions 
at different latitudes, with lower latitudes more likely to have high population 
densities, lower socioeconomic development and therefore a higher risk of 
suffering diseases due to other transmission pathways, such as poor hygiene, 
water and sanitation infrastructure. Consequently, the increase in the morbidity 
of cryptosporidiosis can affect the growth and cognitive development of 
children, increasing the susceptibility to other infectious and chronic diseases, 
aggravating the individual and community vulnerabilities to the effects of 
climate change (Guerrant et al., 2013; Levy et al., 2016). 
Finally, climate change also has serious consequences in developed 
countries (Semenza et al., 2012). For example, although in northern Europe 
precipitation is expected to increase by 5-20%, experts forecast a decrease of 
5-30% in southern Europe (Semenza et al., 2012). The decrease in rainfall and 
increase in water scarcity will favour the use of reclaimed water. However, 
due the presence of the protozoan parasite Cryptosporidium in WWTP 
effluents and the ineffectiveness of the treatments used in water reclamation, 
new treatments that effectively eliminate this enteropathogen from water must 































The aim of this Doctoral Thesis is to evaluate new water reclamation 
technologies based on advanced oxidation processes against Cryptosporidium, 
an enteroprotozoan parasite frequently involved in waterborne outbreaks of 
disease and considered a resistance model due to the robust nature of its 
infective forms (oocysts). For this purpose, two photochemical processes 
(heterogeneous photocatalysis with TiO2 slurry, alone or in combination with 
H2O2, and homogeneous photocatalysis by photo-Fenton process) and 
ultrasound technology were assessed to inactivate C. parvum oocysts and thus 
improve the microbiological quality of reclaimed water and reduce the risk of 
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Surface water and groundwater are the major resources used to meet 
water needs in both urban and rural areas. In this context, the hydrological 
cycle is very important for maintaining water through precipitation, runoff and 
filtration (Tan and Wang, 2010). Water stress and sustainability depend 
directly on the available water resources and on water withdrawal and 
consumption. Thus, currently, the land overuse and the increasing water 
demands due to population growth (the rapid urbanization has led to 
augmentation of the water demands cause tension in urban water supplies) are 
major drivers of the increasing global water stress. Furthermore, the climate 
change is an additional challenge in relation to water stress, because higher 
temperatures lead to higher rates of evaporation and the variability in the 
rainwater increases the risk of droughts, thus affecting the availability of 
surface and groundwater resources (Gallopín, 2012). 
On the other hand, the quantity of water available for human 
consumption is closely associated with water quality, as polluted water cannot 
be used for drinking, bathing, industry, or agriculture. In this respect, 
wastewater discharge from cities and industrial installations is the main source 
of contamination (either chronically or accidentally spills) and is responsible 
for polluting of approximately half of the rivers and lakes worldwide. 
Furthermore, over-exploitation of surface waters increases the concentration of 
harmful compounds in water, not only due to urban pollution or leaching of 
minerals, but also to the excessive use of chemical fertilizers in agriculture. In 
addition, groundwater abstraction increases the concentration of natural 
compounds in water, which can reach dangerous levels. In this respect, salinity 
can be increased by the movement of seawater into coastal aquifers, reducing 
the amount of freshwater available for human, agricultural and industrial uses 
(Chen et al., 2016). 
For all of the above reasons, water stress is a real problem that affects 
millions of people worldwide. The European Environment Agency estimates 
Discussion 
104 
that around one third of the EU territory (over 100 million people) can suffer 
the consequences of water stress either permanently or temporarily. Although 
countries such as Greece, Portugal and Spain are already affected by severe 
droughts during the summer months, water scarcity is also becoming a 
problem in northern regions, including parts of the United Kingdom and 
Germany. Furthermore, agricultural areas where intensive irrigation is carried 
out, busy touristic islands in southern Europe and large urban agglomerations 
are currently considered water stress hotspots (Alcalde-Sanz and Gawlik, 
2014; European Environment Agency, 2018). 
Water reuse has been identified as one of the most important priorities 
worldwide and is the mainstay of the circular economy. Several national and 
international organisations have considered using reclaimed water for urban, 
agricultural, industrial, recreational, and environmental purposes (Winpenny et 
al., 2013; Alcalde-Sanz and Gawlik, 2014; Kirhensteine et al., 2016). 
However, the quality of reclaimed water should comply with several  
physico-chemical and microbiological parameters. The latter are the most 
important for human and animal heath due to the risk of transmission of 
infectious diseases. Different pathogenic agents have been identified in raw 
sewage (viruses, bacteria, protozoa and helminths), and although diverse 
microorganisms are used to determine the quality of reclaimed water, 
reference pathogens representing groups of pathogens have been selected for 
validating water treatments. The WHO guidelines for water reuse and drinking 
water consider rotavirus, Campylobacter and Cryptosporidium (presumably  
C. parvum) as reference pathogens for respectively viruses, bacteria and 
protozoan parasites on the basis of the following criteria: i) infectivity, 
incidence and severity of disease associated with waterborne transmission;  
ii) sufficient data on dose-response relationships in humans and disease 
burden; iii) occurrence and persistence in source waters and in the 
environment; and, iv) sensitivity to removal or inactivation by treatment 
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processes (NRMMC-EPHC-AHMC, 2006; WHO, 2006b, 2017; USEPA, 
2012; Alcalde-Sanz and Gawlik, 2017). Moreover, reference pathogens should 
be conservative in relation to dose-response and infectivity, so that if a 
reference pathogen is controlled, other pathogens within the same group are 
also expected to be controlled. However, no reference pathogens have been 
selected for the helminth because helminth infections are not endemic in 
developed countries, information about the occurrence of helminths in water is 
scarce and there are no human dose-response models available. Nevertheless, 
it is generally considered that protozoan reference pathogens can be used as 
reference pathogens for helminths (NRMMC-EPHC-AHMC, 2006; Alcalde-
Sanz and Gawlik, 2017). 
Studies carried out in recent years demonstrated the presence of high 
concentrations of Cryptosporidium spp. oocysts in WWTP effluents and in 
reclaimed waters worldwide, which are resistant to the treatments commonly 
used in water disinfection process of wastewater (Ajonina et al., 2012; Sroka 
et al., 2013; Galván et al., 2014; Kitajima et al., 2014; Ehsan et al., 2015; Ma 
et al., 2016; Nasser, 2016; Santos et al., 2016; King et al., 2017; Razzolini et 
al., 2020). Consequently, the aim of the present Doctoral Thesis, is to evaluate 
new technologies based on advances oxidation processes against the 
waterborne protozoan parasite C. parvum, considered as one of the most 
resistant infectious agents, after prions, to the commonly used disinfectants 
(Rutala and Weber, 2004). 
In the first study, heterogeneous photocatalysis with TiO2 slurry (63,  
100 and 200 mg/L) was evaluated for its capacity to inactivate C. parvum 
oocysts under simulated solar conditions in distilled water (DW), which used 
as a reference solution for observing and comparing the inactivation kinetics 
under controlled laboratory conditions, to exclude the influence of or 
interference from compounds found in other types of water. The lowest oocyst 
viability (4.16±2.35%) was observed at concentration of 100 mg/L of TiO2 
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photocatalyst after 5 hours of exposure to simulated solar radiation. This 
represented an improvement relative to the results obtained with samples 
exposed without photocatalyst and with 63 mg/L of TiO2 (51.06±9.35% and 
57.86±10.72%, respectively), optimal concentration estimated on the basis of 
the reactor dimensions, so that suspended catalyst uses 99% of the incident 
radiation (Fernández Ibáñez, 2004). 
In order to minimize the variability in the composition of the WWTP 
effluents observed from different WWTPs and also on a daily basis, a 
simulated WWTP effluent (commonly used in studies of solar 
decontamination and disinfection) was used as a model of treated discharge 
from a municipal WWTP (Klamerth et al., 2010; Polo-López et al., 2010; 
Polo-López et al., 2012; Márquez et al., 2014; Rodríguez-Chueca et al., 2014; 
Pouran et al., 2015). In this respect, this is the first study to evaluate the 
efficacy of solar photocatalysis with TiO2 slurry to inactivate C. parvum 
oocysts in wastewater. The decreases in the oocyst viability detected in 
simulated WWTP effluent were significantly lower than the corresponding 
values observed in DW, even in comparison with the samples exposed without 
photocatalyst (48.98±12.31%; 70.96±7.18%; 73.05±4.93%; and 81.64±4.07% 
for samples containing 0, 63, 100 and 200 mg/L of TiO2 in simulated WWTP 
effluent, respectively). 
Numerous studies have demonstrated that solar photocatalysis with TiO2 
is effective for inactivating a wide range of microorganisms present in water, 
air and on surfaces: Gram-negative and Gram-positive bacteria, unicellular 
and filamentous fungi, mammalian bacteriophages and viruses, algae and 
protozoa. However, bacterial endospores, fungal spores and protozoan 
oo/cysts are very resistant to TiO2 photocatalytic process because they have a 
robust cell wall (Chong et al., 2010; Foster et al., 2011; Byrne et al., 2015; 
Malato et al., 2016; Nasser, 2016). In this respect, the few studies involving 
this photocatalyst and Cryptosporidium used immobilized TiO2 (Otaki et al., 
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2000; Curtis et al., 2002; Méndez-Hermida et al., 2007; Navalon et al., 2009; 
Sunnotel et al., 2010; Fontán Sainz, 2012). As far as we are aware, only two 
studies have evaluated the efficacy of TiO2 slurry, at concentrations of 100, 
500 and 1000 mg/L, for inactivating C. parvum oocysts (Cho and Yoon, 2008; 
Ryu et al., 2008). 
With the aim of accelerating the solar water disinfection process, 
heterogeneous photocatalysis with TiO2 has been combined with the addition 
of readily available, inexpensive and safe oxidant compounds, such as H2O2. 
Thus, several authors have demonstrated that the TiO2 photocatalytic 
disinfection process is enhanced by the addition of H2O2, effectively killing 
several bacterial species such as E. coli, Staphylococcus epidermidis and 
Staphylococcus mutans (Malato et al., 2009; Pablos et al., 2013; Unosson et 
al., 2013). All live cells are exposed to intracellular H2O2 due to cellular 
metabolic activity, and the concentration of the compound depends on the 
production rate, diffusion in the cytosolic space and/or mitochondrial matrix 
and elimination by antioxidant compounds and specific enzymes (catalase, 
superoxide dismutase, glutathione peroxidase and glutathione S-transferase) 
(Entrala et al., 1997; Cadenas and Davies, 2000). The introduction of 
exogenous H2O2 provides an additional input of a highly oxidizing product. 
In previous studies performed by our research group, the effectiveness of 
different concentrations of H2O2 (0 to 500 mg/L) for inactivating C. parvum 
oocysts was evaluated in DW and simulated WWTP effluent under artificial 
sunlight. The results showed the enhancement of solar disinfection when H2O2 
is incorporated, speeding up the inactivation of C. parvum oocysts and 
establishing 50 mg/L as the minimum concentration at which a slight 
improvement in oocyst inactivation was detected (Couso Pérez, 2013; 
 Gómez-Couso et al., 2013). 
Considering that oocyst inactivation was most effective at 100 mg/L of 
TiO2, a combination of 100 mg/L of TiO2 and 50 mg/L of H2O2 was selected 
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to evaluate the addition of this oxidant to the photocatalytic disinfection 
against C. parvum in DW. However, in both simulated and natural solar 
conditions, the results obtained in the water samples containing TiO2/H2O2 
were not statistically significant different from the corresponding values 
observed in samples exposed exclusively with TiO2, despite of the quick 
consumption of H2O2 throughout the experiments (oocyst viabilities of 
4.16±2.35% vs 3.82±4.26% and 2.29±1.99% vs 0.92±0.71% determined in 
samples containing TiO2 and TiO2/H2O2, under simulated and natural solar 
radiations, respectively). 
Among AOPs, the photo-Fenton process is another catalytic process that 
uses H2O2 and solar light, and has been widely evaluated for ability to 
inactivate viruses, bacteria, fungi and the nematode parasite Ascaris suum. 
Thus, several compounds and concentrations of iron, different ratios of 
Fe
2+
/H2O2 and pH values, diverse types of water (DW, MilliQ water, 
simulated and real municipal WWTP effluents) have been tested under 
simulated and natural solar conditions (Polo-López et al., 2012, 2013;  
Ortega-Gómez et al., 2014; Giannakis et al., 2016a; Polo et al., 2018; 
 García-Fernández et al., 2019). 
In this Doctoral Thesis, the effect of the photo-Fenton process on the 
survival of Cryptosporidium is also reported for the first time. A factorial 33 
first order design was applied to study the combined effects of the Fe
2+
/H2O2 
concentration (5/10; 10/20 and 20/50 mg/L), pH value (3, 5.5 and 8) and 
exposure time (2, 4 and 6 hours) for inactivating C. parvum oocysts in DW 
under natural solar radiation. The use of factorial designs offers important 
advantages, in comparison with one-factor-at-a-time experiments, since they 
allow effects to be investigated with many fewer experiments without 
changing reliability in the obtained results, the detection of factor interactions 
and the identification of the response-variable maxima, in addition to facilitate 
system-modelling (Quinn and Keough, 2002). This type of experimental 
Discussion 
109 
design is most often used for manipulative experiments in order to evaluate the 
influence of several factors in the survival of different organisms, including 
Cryptosporidium (Leiro et al., 1995; Freire-Santos et al., 2000; Quinn and 
Keough, 2002; Box et al., 2005; Gómez-Couso et al., 2009b). 
The parameters Fe
2+
/H2O2 concentration and exposure time, as well as the 
interaction between pH and Fe
2+
/H2O2 concentration had a statistically 
significant influence on the viability of this waterborne enteropathogen. Thus, 
the minimum values of oocyst viability corresponded to the combination of 
the highest concentration of Fe
2+
/H2O2 (20/50 mg/L), the lowest pH value (3) 
and longest exposure times (4 and 6 hours) (3.68±1.38% and 6.39±2.65%, 
respectively). Similarly, other authors proved that the highest inactivation for 
different microorganisms were achieved using the maximum concentration of 
Fe
2+
/H2O2 tested (Polo-López et al., 2012; Ortega-Gómez et al., 2014; Polo et 
al., 2018). According to the literature reviewed, the concentration of Fe
2+
/H2O2 
evaluated in most of the water disinfection studies ranged from a minimum of 
5/10 mg/L to a maximum of 20/50 mg/L, using a Fe
2+
/H2O2 ratio of 
approximately 1:2, as this ratio produced the highest rate of inactivation 
(Giannakis et al., 2016b). 
Likewise the experiments carried out with TiO2/H2O2, in assays of  
photo-Fenton, H2O2 concentrations of 10, 20 and 50 mg/L did not affect the 
survival of C. parvum oocysts. Moreover, in both photocatalytic processes 
H2O2 was completely consumed, independently of the initial concentration 
employed. The rapid reduction in H2O2 levels may have mainly been caused 
by reaction with the catalyst, excluding H2O2 decomposition at temperatures 
above 30 C, which increase 2-3 times for every 10 C increase in temperature 
(Jones, 1999; Giannakis et al., 2016b). 
In the empirical equation obtained, the largest coefficient with a negative 
sign corresponded to the exposure time. Previous studies of solar disinfection 
carried out with simulated solar radiation have shown that exposure time is an 
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important variable at high irradiation intensities, but that at low irradiation 
intensities, this parameter has a null effect on the survival of C. parvum 
oocysts (Gómez-Couso et al., 2009b). In the present study, the UV irradiance 
(295-385 nm) ranged between a minimum of 29.65±1.62 W/m
2
 and a 
maximum of 46.08±0.56 W/m
2
, equivalent to global solar radiation intensities 
of approximately 700 and 1100 W/m
2
, respectively, corresponding to hazy and 
strong sunlight in equatorial areas (Joyce et al., 1996; McGuigan et al., 1998; 
Gómez-Couso et al., 2009b). The aforementioned equation is valid for 
predicting the viability of C. parvum oocysts under natural sunlight in the 
range of conditions assayed. However, the factorial design does not include 
the parameters temperature or intensity of solar radiation, which vary 
throughout the experiments carried out under field conditions. These 
variations can generate imbalances in the proposed model and the values 
provided by the model therefore do not entirely correspond to the observed 
data on oocyst viability. Despite this, the equation obtained proved to be valid 
for predicting at 76.76% the oocyst viability under the range of conditions 
assayed. 
Solar radiation can inactivate diverse microorganisms, being the UV-A 
and UV-B radiations are the most important components of the 
electromagnetic spectrum responsible for the germicidal activity (Pichel et al., 
2019). Although several authors have reported the efficacy of UV radiation for 
inactivating Cryptosporidium in different water matrices (drinking water and 
wastewater), the mechanisms of solar inactivation of the oocysts remain 
unknown (Méndez-Hermida et al., 2005, 2007; King et al., 2008; Gómez-
Couso et al., 2009b, 2009c, 2010, 2012a, 2012b; Heaselgrave and Kilvington, 
2011; Fontán-Sainz et al., 2012; Polo-López et al., 2019). Liu et al. (2015) 
observed that inactivation of the oocysts by UV-A/visible light mainly 
involved an indirect endogenous mechanism, which was unpredictable and 
other factors, such as oocyst source and temperature, could affected 
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Cryptosporidium inactivation. However, under solar full-spectrum the oocyst 
inactivation was dominated by a mechanism of direct inactivation induced by 
UV-B radiation, being more effective and independent of external factors (Liu 
et al., 2015). For this reason, the experiments carried out under natural solar 
conditions (i.e. using the full-spectrum of sunlight) provided the best results 
regarding inactivation of C. parvum oocysts. Moreover, these differences can 
also be explained by the larger surface area of exposure in assays carried out 
under real sunlight: under simulated solar conditions, the top of the reactor 
receives most of radiation, whereas under natural conditions, sunlight reaches 
both the top and lateral sides of the reactor. 
In addition to direct damage caused by solar radiation, the mechanisms of 
photocatalytic inactivation of microorganisms are based on the generation of 
hydroxyl radicals, which damage biological structures, rendering 
microorganisms unviable (Foster et al., 2011; Byrne et al., 2015). Cho and 
Yoon (2008) investigated the inactivation of C. parvum oocysts by TiO2 slurry 
in phosphate buffer solution in a reactor irradiated with UV-A light, reporting 
the concentration×contact time (CT) value required for 2-log C. parvum 
inactivation with the hydroxyl radical of 7.9×10
−5
 mg minutes/L. Moreover, 
these authors estimated that HO
•




 times more 
effective for inactivating Cryptosporidium than other popular chemical 
disinfectants such as ozone, chlorine dioxide and free chlorine (Cho and Yoon, 
2008). Furthermore, in photocatalytic processes involving the exogenous 
addition of H2O2, which can enter the cells, endogenous photo-Fenton 
processes can produce as presence of iron clusters in Cryptosporidium have 
been reported by several authors (Ali and Nozaki, 2013; Miller et al., 2018; 
Nelson et al., 2018). 
The chemical composition of the water is also an important factor 
affecting the efficacy of photocatalysis with TiO2 and the photo-Fenton 
process. Inorganic species such as carbonates and bicarbonates and organic 
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matter present in water are natural competitors of HO
•
 and thus reduce the 
efficacy of the processes (Otaki et al., 2000; Giannakis et al., 2016b). 
Moreover absorption, shading, and dispersion of the light by dissolved 
material and particles in suspension may also reduce the efficacy of the 
photocatalytic process. Thus, Rincón and Pulgarin (2004) observed that 
bicarbonates present in water samples absorb some of the light, protecting 
microorganisms from the action of solar radiation by a screening effect that 
may limit the efficacy of the disinfection procedures. For this reason, the 
chemical composition of the simulated WWTP effluent (with an abundant 
content of bicarbonates, meat extract and peptone) used to evaluate the 
heterogeneous photocatalysis with TiO2 may negatively affect the efficacy of 
the process and thus explain why the disinfection process is not as effective as 
in DW. Moreover, the turbidity of the simulated WWTP effluent (6.2 NTU) 
may also have had a slightly negative effect on C. parvum inactivation, as 
observed in previous studies (Gómez-Couso et al., 2009a). 
On the other hand, previous studies carried out by our research group in 
DW under simulated solar radiation showed that the variable pH by itself did 
not influence the inactivation of C. parvum oocysts (unpublished data), but it 
is a very important parameter in photo-Fenton process, as it strongly 
influences the speciation and solubility of iron in water, being the optimal 
pH≤3 (Pignatello et al., 2006; Giannakis et al., 2016a). At neutral and basic 
pH values, iron species can precipitate and form complexes in solution, 
causing changes in the colour of the sample and increasing the number of 
suspended particles in the water that absorb and scatter the light, thus 
negatively affecting the penetration of sunlight and reducing the efficacy of 
inactivation of microorganisms (Polo-López et al., 2018). Consequently, the 
interaction between pH and Fe
2+
/H2O2 concentration is important in the 
proposed model of Cryptosporidium inactivation by photo-Fenton process, 
being the best results observed at lower pH values, due the strong influence of 
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pH in the solubility/precipitation of iron salts. Similarly, Polo-López et al. 
(2014) observed 2-log reductions in the concentration of F. solani spores in 
simulated WWTP effluent after photo-Fenton process using 10/20 mg/L of 
Fe
2+
/H2O2 during 2.5 hours at pH 3, whereas at pH 8 and after 5 hours, the 
concentration of fungal spores remained almost constant under the same 
experimental conditions. 
Moreover, pH affects the zeta potential of the particles in suspension.  
In the present Doctoral Thesis, examination of the oocyst-spiked water 
samples under bright field microscopy revealed the existence of aggregates of 
iron particles on the surface of the oocysts as a consequence of the different 
surface charges: at neutral-alkaline pH, the oocyst wall has a strong negative 
surface charge (Hsu and Huang, 2002), whereas iron species are positively 
charged (Pignatello et al., 2006). Similarly, aggregates of TiO2 particles were 
also observed on the surface of the oocysts, and the number of these increased 
with the concentration of TiO2 and the exposure time. In DW (pH 6.5), the 
surface of TiO2 particles is positively charged, whereas the surface of  
C. parvum oocysts is negatively charged (Drozd and Schwartzbrod, 1996; 
Fernández Ibáñez, 2004). Aggregation favours photocatalytic disinfection as 
the short-lived hydroxyl radicals are generated directly on the surface of the 
microorganisms (Herrmann, 2005). 
After use of TiO2 suspensions for photocatalysis, TiO2 particles can be 
recovered by rapid, efficient and economic methods for possible reuse. 
Fernández Ibáñez (2004) described a recovery method via sedimentation 
based on modification of the medium pH to the isoelectric point of TiO2 
(≈7.0), at which the net surface charge is nil, as the particles aggregate to form 
larger particles that settle rapidly. In consequence, the capacity of the 
photocatalyst to retain oocysts was also evaluated in the present study. After 
sedimentation for one hour, the proportions of oocysts retained in DW and 
simulated WWTP effluent samples treated with the maximum concentration of 
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TiO2 tested (200 mg/L) were approximately 60% and 80%, representing a 
substantial reduction in the parasitic load of the treated water. 
Ultrasound technology is a non-photochemical advance oxidation 
process, that can be used alone or in combination with conventional methods 
and other AOPs for treating WWTP effluents, thus increasing the efficacy of 
disinfection (Blume and Neis, 2004; Oyane et al., 2005; Naddeo et al., 2009; 
Al-Hashimi et al., 2015; Wei et al., 2016; Madhavan et al., 2019). 
Studies evaluating the use of ultrasound technology to inactivate the 
infective forms of Cryptosporidium are scarce, and the type of equipment used 
and the experimental conditions vary widely, with oocyst inactivation rates of 
90-95% reported (Ashokkumar et al., 2003; Oyane et al., 2005; Olvera et al., 
2008). In the present work the efficacy of ultrasound technology to inactivate 
C. parvum oocysts was evaluated at three power levels (60, 80 and 100 W), 
pulsed at 50% or in continuous mode, in four types of water: DW, simulated, 
real and filtered WWTP effluents. Overall interpretation of the results showed 
that the application of ultrasound irradiation at 80 W power in continuous 
mode for an exposure time of 10 minutes drastically reduced the survival of 
Cryptosporidium in all types of water tested (approximately 95-99% of 
reduction in the oocyst viability). 
The observation of high proportions of partially or totally empty oocysts 
is noteworthy. The existence of empty oocysts may be consequence of a 
damage to the oocyst wall as a result of mechanical fatigue caused by pressure 
gradients generated by collapse of the gas microbubbles that enter the solution 
during acoustic cavitation. Therefore, and as other authors suggested, we 
conclude that the main mechanism of oocyst inactivation is the mechanical 
effect generated during the cavitation events induced by ultrasound 
(Ashokkumar et al., 2003; Oyane et al., 2005). Nevertheless, chemical attack 
due to the formation of free radicals and further recombination of these to 
form other strong oxidants can also contributes to the oocyst inactivation, as 
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the oxidants may alter the chemical structure of the oocyst wall and penetrate 
the cell (Antoniadis et al., 2007; Olvera et al., 2008). 
Comparison of the results obtained in both modes showed that use of 
continuous mode yielded significantly lower values of oocyst viability, as it 
was previously proved by Ashokkumar et al. (2003). Thus, after application of 
80 W power in continuous mode by 5 minutes, the oocyst viability was 
approximately half of the corresponding values obtained in the pulsed mode. 
However, calculation of the Dose parameter (energy per volume unit) did not 
reveal any statistically significant differences in the oocyst viability in relation 
to the mode used. 
Taking into account the water matrix, higher levels of oocyst inactivation 
were detected in WWTP effluents than in DW. These differences in the 
efficacy of ultrasound irradiation may be explained by the variable chemical 
composition of the samples, as unlike TiO2 photocatalysis and the photo-
Fenton process, dissolved salts and suspended solids increase the action of 
ultrasound, as they can act as cavitational nuclei. Even organic matter does not 
adversely affect, but it may favour the efficacy of ultrasonic disinfection 
(Madge and Jensen, 2002; Drakopoulou et al., 2009). With respect to the 
influence of pH on the efficacy of the ultrasound technology to inactivate 
different microorganisms is unclear, but it suggested this parameter can affect 
to the degradation kinetics of organic pollutants because pH alters cavitation 
effects including collapse temperature and HO
•
 formation (Wei et al., 2016). 
On the other hand, temperature does not only influence on the reaction 
kinetics of AOPs but is also one of the most important abiotic factors affecting 
survival of Cryptosporidium spp. in the environment (King and Monis, 2007; 
Peng et al., 2008; Deng and Zhao, 2015). The viability of C. parvum decrease 
at temperature of 30-50 C due to the melting point of the fatty acids and 
hydrocarbons present in the oocyst wall and the increase in the metabolic 
activity of amylopectin (Fayer and Nerad, 1996; King et al., 2005; Peng et al., 
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2008; Jenkins et al., 2010). Furthermore, high temperatures can induce the 
phenomenous of spontaneous excystation of C. parvum oocysts (Gómez-
Couso et al., 2009a). Thus, a small percentage of the sporozoites may excyst 
when the oocysts are incubated at 37 °C in the absence of any other stimulus 
making their survival impossible because the environment is different from 
that provided by the host (Smith et al., 2005). Moreover, a strong synergistic 
effect between the optical and thermal effects of the solar radiation has been 
described at temperatures above 45 °C (Wegelin et al., 1994; McGuigan et al., 
1998). In experiments carried out to evaluate the efficacy of the heterogeneous 
photocatalysis with TiO2 (alone and in combination with H2O2), maximum 
temperature values of the water samples were around 37 ºC under simulated 
and natural solar conditions, which did not affect to the viability of C. parvum 
oocysts. However, in the evaluation of the photo-Fenton process, the water 
temperature ranged from 24.601.73 C to 44.404.10 C, reaching a 
maximum value of 47.30 C after 5 hours of exposure to sunlight. Therefore, 
observed reductions in oocyst viability were not only due to the photo-Fenton 
process, but also to higher temperature reached inside the water samples, as 
demonstrated by Gómez-Couso et al. (2009c). Regarding ultrasound 
experiments, although the reactor was maintained in an ice-water bath to 
dissipate the heat of the sample, in the assays carried out at maximum power 
(100 W) in continuous mode, the temperature reached approximately 40 °C in 
the different types of water samples. However, it is not clear whether this 
would cause inactivation of the C. parvum oocysts, because of the short 
exposure time (Gómez-Couso et al., 2009a, 2010). 
All of the experiments carried out in this Doctoral Thesis, the potential 
viability of C. parvum oocysts was determined by inclusion/exclusion of the 
fluorogenic vital dye propidium iodide and a further modification that includes 
an immunofluorescence antibody test to verify oocyst identification (Campbell 
et al., 1992; Dowd and Pillai, 1997). This staining method is quick, simple and 
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relatively inexpensive and provides useful information in studies of the 
influence of environmental factors on the survival of Cryptosporidium 
oocysts, but this technique overestimates the oocyst infectivity in comparison 
with cell culture methods and bioassays with murine models (Robertson and 
Gjerde, 2007; Rousseau et al., 2018; Adeyemo et al., 2019). Therefore, the 
values of oocyst viability obtained are conservative and correspond to lower 
levels of infectivity (Gómez-Couso et al., 2009b). 
Because of its physicochemical properties, TiO2 is widely used in paints, 
coatings, plastics, papers, inks, and medical, pharmaceutical, cosmetic and 
food products, among others. Moreover, studies of TiO2 photocatalytic 
disinfection have demonstrated that the process has potentially widespread 
applications: in indoor air and environmental health, for biological, medical, 
laboratory and hospital purposes, in the pharmaceutical, food and agriculture 
industries, and to treat drinking water and wastewater (Baranowska-Wojcik et 
al., 2020). However, use of this photocatalyst to treat water has been 
questioned in relation to possible toxic effects include in microorganisms, 
algae, plants, invertebrates and vertebrates (Hou et al., 2019). Although the 
possible risk to human health by TiO2 particles has scarcely been explored, the 
toxicity is assumed to depend on the morphology (size and shape), rate of 
migration and amount consumed (Baranowska-Wojcik et al., 2020). A number 
of recent studies have shown that TiO2 nanoparticles (1-100 nm) can 
accumulate in diverse organs, such as the lungs, digestive tract, liver, spleen, 
kidney, heart, and even the central nervous system (Baranowska-Wojcik et al., 
2020), whereas another earlier studies did not indicate any such results (Shi et 
al., 2013). On 9 of June 2017, the Committee for Risk Assessment of 
European Chemical Agency (ECHA) classified TiO2 as a substance suspected 
of causing cancer via inhalation (ECHA, 2017). As consequence of several 
studies indicating that TiO2 nanoparticles can induce an oxidative stress, 
which damage lipids, carbohydrates, proteins and DNA in mammals (see Hou 
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et al., 2019). In the present study, we did not observe any negative effects on 
the potential viability of C. parvum oocysts after 5 hours of exposure to the 
maximum concentration of TiO2 tested (200 mg/L) in absence of light, 
independently of the type of water used. 
Homogeneous Fenton process have mainly been used to oxidize organic 
compounds presented in many types of wastewater (of municipal, hospital, 
pharmaceutical, industrial origin) because of their simplicity (operated at room 
temperature and atmospheric pressure) and safety (H2O2 decomposes to 
environmentally safe species such as H2O and O2) (Wang et al., 2016; Mirzaei 
et al., 2017). However, this AOP has some limitations such as high operational 
cost, narrow optimum pH range (around pH 3), the large volume of iron-
containing sludge produced, and difficulties in recycling iron ions, so that the 
final effluent must be treated to meet the discharge standards for iron 
concentration (the required concentration range of the iron ion is 50-80 mg/L 
for processes removing organic compounds and 0.3-20 mg/L for water 
disinfection, whereas the limit imposed by the EU directives for direct 
discharge of wastewater to the environment is 2 mg/L). In the photo-Fenton 
process, the use of UV and/or visible light enhances the disinfection efficacy 
and reduces the required quantity of catalyst and generation of waste. 
Moreover, the use of sunlight can minimize energy costs and improve 
sustainable processes for contaminant removal (Wang et al., 2016; Mirzaei et 
al., 2017; Durán et al., 2018). 
Because optimal pH in photo-Fenton process is around 3 (lethal for most 
of the microorganisms), and it is required the adjustment of the pH to 
approximately 7 before effluent discharge, neutral photo-Fenton has received 
more attention in the last years. However, lower inactivation efficiencies at 
neutral pH have been reported for real and synthetic secondary effluents. In 
despite of this, the neutral photo-Fenton process proved more efficient than 
TiO2 to inactivate several microorganisms such as E. coli, Salmonella spp., 
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Shigella spp., E. faecalis, MS2 coliphage and spores of Fusarium spp. 
(Ajonina et al., 2012; Giannakis et al., 2016b). 
Ultrasound technology can be used alone or in combination with 
conventional methods for treating WWTP effluents and can increase the 
disinfection capacity of some treatments (Blume and Neis, 2004; Oyane et al., 
2005; Naddeo et al., 2009; Al-Hashimi et al., 2015). Furthermore, this 
technology is currently being applied to treat sludge in WWTPs and to 
mitigate and inhibit the massive proliferation of algae in reservoirs such as 
irrigation ponds and lakes, and other applications (Ashokkumar et al., 2003; 
Olvera et al., 2008). Among the AOPs evaluated in the present Doctoral 
Thesis, the application of ultrasound technology to water samples spiked with 
C. parvum oocysts yielded the highest inactivation rates, as it greatly reduced 
the oocyst viability in a short exposure time, irrespective of the chemical 
composition of the water. Ultrasound provides advantages over other methods 
of disinfection: i) addition of chemical substances or disinfectants is not 
required; ii) suspended solids do not decrease the power of action;  
iii) ultrasound energy is released directly into the sample; and iv) strong 
oxidant power due to the generation of free radicals. Nonetheless, this 
technology has some disadvantages: i) the intensity decreases exponentially 
with distance from the transmitting source, depending on the maximum power 
input and operating frequency of the equipment, until finally disappearing; ii) 
it is more expensive than conventional chemical methods of disinfection; and, 
iii) the transmission source can become eroded, contaminating the medium 
and blocking cavitation (Gogate, 2008; Matafonova and Batoev, 2019).  
The application of these technologies in water reuse must take the 
operational costs into consideration, but economic data are scarcely reported 
and planning of water reclamation plants is therefore limited. The cost by 
heterogeneous photocatalysis with TiO2 and homogeneous photo-Fenton 
process for wastewater treatment is affected by factors related to the catalyst 
Discussion 
120 
and associated reagents (source, modification/preparation, activity, stability, 
and dose), the wastewater (nature of the organic compounds, concentration 
and removal level) and the combination with other technologies at the input 
energy used. As the experimental conditions may vary widely for different 
pollutants, direct comparison of operational costs is very difficult (Wang et al., 
2011). In a review of the cost of solar photocatalytic degradation of 
pharmaceutical contaminants, Durán et al. (2018) estimate a cost of  
0.74-0.85 €/m
3
 for mineralization of pure compounds in the range 18-21% by 
homogeneous solar photo-Fenton process. These authors pointed out that 
heterogeneous photocatalysis with TiO2 (both immobilized and as slurry) 
cannot yet compete with homogeneous photo-Fenton process as regards the 
cost. However, reports of the operational cost associated with use of these 
AOPs for disinfecting WWTP effluents are very scarcer (almost non-existent). 
Soriano-Molina et al. (2019) recently evaluated, for the first time, the effect of 
the main operating variables on the solar photo-Fenton at neutral pH for the 
simultaneous disinfection and removal of contaminants of emerging concern 
in low-cost raceway pond reactors (open reactors in which the liquid depth can 
be varied according to the availability of solar radiation). These authors 
estimated costs ranging from 0.13 to 0.49 €/m
3
 depending on application and 
the planned use of the treated water. Regarding the cost associated with 
ultrasound technology, Olvera et al. (2008) estimated a cost of 0.86 and  
14.13 $/m
3
 of water for application of frequency of 1 MHz for 2 and 10 
minutes, respectively. 
The global interpretation of the results obtained after evaluation of 
different AOPs to inactivate the waterborne parasite C. parvum, considered a 
reference pathogen for assessing water treatments, demonstrates the 
effectiveness of these technologies for improving of the microbiological 
quality of reclaimed water, although further studies are needed in order to 
optimize the working conditions according with the chemical composition of 
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WWTP effluent. Inactivation of this enteropathogen will probably ensure 
elimination other less resistant infectious agents, allowing the safe use of 
reclaimed water for different purposes and providing a valuable protection of 































The addition of TiO2 slurry to oocyst-spiked samples of distilled water 
exposed to artificial sunlight yielded a high level of oocyst inactivation. 
However, the reduction in oocyst viability was significantly lower in simulated 
municipal wastewater treatment plant effluent than in distilled water.  
The chemical composition of the simulated wastewater may negatively affect 




As no negative effects on the survival of C. parvum oocysts were 
observed after incubation at the maximum concentration of TiO2 tested in the 
absence of light, and as temperature inside the samples did not reach levels 
that are lethal for the infective forms, it can be concluded that the substantial 
reduction in oocyst viability detected in distilled water after exposure to both 




The incorporation of H2O2 at low concentration did not improve the 
efficacy of heterogeneous photocatalysis with TiO2 for inactivating C. parvum 
oocysts, as indicate by the lack of statistically significant differences between 
the values obtained for samples treated with TiO2/H2O2 and those obtained in 





The high values of oocyst retention obtained during the disposal and 
recovery of the photocatalyst via sedimentation demonstrate the capacity of 
TiO2 slurry to eliminate infectious forms of Cryptosporidium by aggregation 
of TiO2 particles with C. parvum oocysts, leading to a significant reduction in 
the parasitic load in the treated water samples. 
 
Fifth 
The research findings demonstrate the efficacy of homogeneous 
photocatalysis by photo-Fenton process for inactivating C. parvum oocysts in 
distilled water under natural solar radiation. However, high Fe
2+
/H2O2 
concentrations (20/50 mg/L), low pH values (≤5.5) and long exposure times  
(4 and 6 hours) are required to yield good inactivation rates. Further studies 
are needed to optimize the photo-Fenton process against this protozoan 
parasite according to the water matrix. 
 
Sixth 
Although, the 3×3 first-order full factorial design used to study the 
combined effects of several Fe
2+
/H2O2 concentrations, pH values and different 
exposure times on the survival of C. parvum in distilled water subjected to the 
photo-Fenton process did not include the parameters temperature and intensity 
of radiation, as these varied throughout the experiments carried out under 
natural sunlight, the equation obtained proved to be valid for predicting at 






Ultrasound technology represents a promising alternative to the 
disinfection methods currently used in water reclamation as it drastically 
reduces the survival of C. parvum oocysts, without altering the chemical 
composition of the water or producing toxic by-products. Moreover, in 
contrast to heterogeneous photocatalysis with TiO2 slurry, the chemical 
composition of the water does not adversely affect the efficacy of ultrasound 
irradiation, as dissolved salts and suspended solids act as cavitational nuclei, 
thereby increasing the disinfectant action of the process. 
 
Eighth 
Considering the energy received by the sample during ultrasound 
treatment, the oocyst inactivation process is most efficient when the ultrasound 
irradiation is applied at high power levels in continuous mode, as this shortens 
the exposure time required. Consequently, application of ultrasound irradiation 
under these conditions will have a favourable influence on the water 




The overall interpretation of the research findings obtained after 
evaluation of the efficacy of different advanced oxidation processes for 
inactivating C. parvum oocysts, considered a reference organism for protozoan 
pathogens in the validation of water treatments, suggests that these methods 
are promising alternatives for improving the microbiological quality of 
reclaimed water. Inactivation of this waterborne enteropathogen will probably 
ensure elimination of other less resistant infectious agents, providing a 
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